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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This document focuses on monitoring the activity concentrations and activity releases of radioactive
substances in air in stacks and ducts. Other situations for monitoring the activity concentrations and
activity releases of radioactive substances in air (environmental or workplace monitoring) are being
addressed in subsequent standards. This document provides performance-based criteria for the use
of air-sampling equipment, including probes, transport lines, sample collectors, sample monitoring
instruments and gas flow measuring methods. This document also provides information covering
sampling programme objectives, quality assurance, development of air monitoring control action levels,
system optimization and system performance verification.

ISO 2889 wag first published in 1975 as a guide to sampling airborne radioactive materials in the, fducts,
stacks, and working environments of installations where work with radioactive materials isondycted.
Since then, ah improved technical basis has been developed for each of the major sampling specidlities.
The focus of fhis document is on the sampling of airborne radioactive materials in ducts'and stacks.

The goal of pchieving an unbiased, representative sample is best accomplished where samplg¢s are
extracted from airstreams in which potential airborne contaminants are well mixed in the airstream.
This documegnt sets forth performance criteria and recommendations to, assist in obtaining|valid
measuremerts of the concentration of airborne radioactive materials in ducts or stacks.
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[SO and TEC maintain terminological databases for use in standardization at the following addresses:

3.1

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

abatement equipment
apparatus used to reduce contaminant concentration in the airflow exhausted through a stack or duct
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3.2

absorbent

material that takes up a constituent through the action of diffusion, allowing the constituent to
penetrate into the structure of the absorbent (if a solid) or dissolve in it (if a liquid)

Note 1 to entry: When a chemical reaction takes place during absorption, the process is called chemisorption.

3.3
accident conditions

any unintended event, including operating errors, equipment failures and other mishaps, the
consequences or potential consequences of which are not negligible from the point of view of protection
and safety

34
accuracy
closeness of agreement between a measured quantity and the true quantity of the meastrand

3.5

action level
threshold cohcentration of an effluent contaminant at which it is necessary to.pérform an appropriate
action

3.6

adsorbent
material, gerjerally a solid, that retains a substance contacting it through short-range molecular forces
that bind theladsorbed material at the surface of the material

3.7
aerodynamic diameter
Da
for a particlelof arbitrary shape and density, the dianiéter of a sphere with density 1 000 kg/m3 thpt has
the same sedimentation velocity in quiescent air as.the arbitrary particle

3.8
aerosol
dispersion of solid or liquid particles ip-air or other gas

Note 1 to entrjy: An aerosol is not only-the‘aerosol particles (3.9).

3.9
aerosol particle
solid or liquifl particle cofistituents of an aerosol (3.8)

3.10

analyser
device that provides for near real-time data on radiological characteristics of the gas (air) floy in a
sampling sydtem or duct

Note 1 to entry: An analyser usually evaluates the concentration of radionuclides in a sampled air stream.
However, some analysers are mounted directly in or outside a stack or duct.

3.11
aspiration ratio
ratio of particle mass or number concentration in the nozzle inlet to the concentration in the free stream

3.12
bend
gradual change in direction of a sample transport line

Note 1 to entry: The radius of curvature of a bend should be at least three times the inside diameter of the tubing.

2 © IS0 2023 - All rights reserved
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3.13
bulk stream
air flow in a stack or duct, as opposed to the sample flow rate

3.14

burial

imbedding of a particle into a filter medium or the masking of a particle by subsequent deposits of
particulate matter

3.15

calibration
operati ntity values
with measurement uncertainties provided by measurement standards and corresponding indications
with pssociated measurement uncertainties and then uses this information to establish & relation for
obtaining a measurement result from an indication

3.16
coeffjcient of variation
Cy
quantity that is the ratio of the standard deviation of a variable to the mean value of that vjariable

Note 1 to entry: It is usually expressed as a percentage.

3.17
colle¢tor
comppnent of a sampling system that is used to retain radienuclides for analysis

EXAMPLE A filter that is used to remove from a sample stream aerosol particles (3.9) thaf carry alpha-
emitting transuranic radionuclides or other radionuclides.

3.18
condjtioning system
appatfatus that can be used to purposeftlly, in a controlled manner, change the aerosol particle (3.9)
concentration, gas composition, particle-size distribution (3.52), temperature or pressur¢ in a sample
stream (3.68)

3.19
contipuous air monitor
CAM
near-real-time samplerand associated detector that provide data on radionuclides [e.g. concentration
of alpha-emitting aefosdl particle (3.9)] in a sample stream (3.68)

3.20
contipuous menitoring
continuousnear-real-time measurements of one or more sampling characteristics

3.21
continuous sampling

either uninterrupted sampling or sequential collection of samples obtained automatically at intervals
short enough to yield results that are representative for the entire sampling period

Note 1 to entry: The sample may be analysed in near-real-time (i.e. equivalent to monitoring) or it may be
analysed post-sample-collection in a remote laboratory.

3.22
curvature ratio
ratio of bend radius to the tube diameter

©1S0 2023 - All rights reserved 3
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3.23

depositional loss
loss of constituents of the sample on the internal walls of a sampling system

Note 1 to entry: See also 3.84.

3.24

decision threshold
value of the estimator of the measurand, which, when exceeded by the result of an actual measurement
using a given measurement procedure of a measurand quantifying a physical effect, is used to decide
that the physical effect is present

Note 1 to ent
the decision t
probability fo

[SOURCE: IS
to entry not

3.25

Iy: The decision threshold is defined such that in cases where the measurement resulte;
hreshold, the probability that the true value of the measurand is zero is less or equal t0)a“d
" a wrong decision, a.

11929-1:2019, 3.12 modified - definition identical, but Note 1 to entry chdnged and ]
ncluded here.]

detection limit

smallest trug
measuremen

Note 1 to entr]
for which the
value, when, i

[SOURCE: IS
included her

3.26
droplet
liquid aeroso

3.27

effective do
sum of the pi
and to the on

3.28
effluent
waste strearn

Note 1 to entj
and ducts.

t procedure

y: With the decision threshold (3.24), the detection limit is the smallest true value of the meas
probability of wrongly deciding that the true value of thé;measurand is zero is equal to a sp4
h fact, the true value of the measurand is not zero.

11929-1: 2019, 3.13 modified - definition identical, but last sentence of Note 1 to ent
e as well as Note 2 to entry.]

[ particle (3.9)

Se
oducts of the dose absofbed by an organ or a tissue and the factors relative to the rad
gans or tissues that are irradiated

h flowing away from a process, plant, or facility to the environment

y: Thissdec¢ument applies to the effluent air that is discharged to the atmosphere through

cceeds
hosen

Note 2

 value of the measurand which ensures a specified probabilityof being detectable By the

urand
rcified

Fy not

jation

stacks

3.29

emission

contaminants that are discharged into the environment

3.30
emit

discharge contaminants into the environment

3.31

extractive sampling
diverting a part of the airflow from a stack or duct for the purpose of the collection of a sample of the air

Note 1 to entry: See 3.69 and 3.72.
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3.32

flow rate

rate at which a mass or volume of gas (air) crosses an imaginary cross-sectional area in either a
sampling system tube or a stack or duct

Note 1 to entry: The rate at which the volume crosses the imaginary area is called the volumetric flow rate and
the rate at which the mass crosses the imaginary area is called either the mass flow rate or the volumetric flow
rate at standard conditions.

3.33

geometric mean (of a variable)

X
g

valuelfor N observations of a random variable x; given by

1 N
Ix Xg :NZIHXI-
i=1

3.34
geonletric standard deviation

S
tEe g¢ometric standard deviation for N observations of a random variable, x;, calculated frpm

N
2. 1 2
Iy Sg —EZ(ln Xx;—In xg)
i=1
where x, is the geometric mean of the random variable

g
3.35
high-efficiency particulate air filter
HEPA filter
high-efficiency filter used for removing aerasol particles (3.9) from an air stream

Note ] to entry: A HEPA filter usually collects aerosol particles at the most penetrating particle fize (between
0,1 unp and 0,3 pm diameter) with a high efficiency and is designed to collect greater fractions of aefosol particles
with diameters either larger or smaller: The minimum efficiency of a HEPA filter is not defined in this document.

3.36
hydraulic diameter
type ¢f equivalent duct'diameter for ducts that do not have a round cross-section

Note 1 to entry: Generally, it is four times the cross-sectional area divided by the perimeter.

3.37
impaftion
process By Which aerosol particles (3.9) are removed from an air stream by striking an object in the air
strean

Note 1 to entry: Curvature of air streamlines, principally on the front side of the object, causes particles with
sufficient inertia to strike the object while the airflow passes around it.

3.38

in-line system

system where the detector assembly is adjacent to, or immersed in, the effluent (3.28) stream or stream
in the duct or stack

3.39

interception

process by which aerosol particles (3.9) are removed from an air stream by an object in the flow, where
the trajectory of the particle's centre of gravity misses the object but the body of the particle strikes the
object

© IS0 2023 - All rights reserved 5
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3.40

isokinetic

condition that prevails when the velocity of air at the inlet plane of a nozzle is equal to the velocity of
undisturbed air in a stack or duct at the point where the nozzle inlet is located

Note 1 to entry: Anisokinetic is the antonym of isokinetic. Sub-isokinetic refers to the condition where the nozzle
inlet velocity is less than the free-stream velocity. Super-isokinetic refers to the condition where the nozzle inlet
velocity is greater than the free-stream velocity.

3.41
laminar flow
flow regime in stacks or ducts associated with Reynolds numbers less than about 2 200

Note 1 to entl}r: This regime is not usually encountered in effluent air flows. Mixing in laminar flow results from
molecular diffusion, which is a much slower process than mixing in turbulent flow.

3.42
membrane filter
filter medium consisting of thin, organic-based films having a range of selectable porosities and
controlled cqmposition

Note 1 to entrjy: Thin, porous metallic filters are sometimes also called membrane filters.

3.43
mixing elenjent

device placegl in a stack or duct that is used to augment the mixing of the contaminant mass with the
fluid

3.44

monitoring
continual megasurement of a quantity (e.g. activity concentration) of the airborne radioactive constjtuent
or the gross|content of radioactive material, at a frequency that permits an evaluation of the vallue of
that quantity in near-real-time, or at intervals that comply with regulatory requirements

3.45
monodisperse aerosol
aerosol (3.8)|comprised of (solid or ligliid) particles that are all of approximately the same size

Note 1 to entrjy: In general, the geonietric standard deviation of the particle-size distribution of a monodi$perse
aerosol is less|than or equal to 1,1,

3.46

nozzle
device used to extraeta‘'sample from an effluent (3.28) stream and transfer the sample to a trarsport
line or collection device

Note 1 to entify_Within the nozzle, there is a transition zone where the sample stream adjusts to the conditions
in the transportHne:

3.47

nozzle exit plane

imaginary plane across the cross-section of a transport system that divides the nozzle region from the
transport line

Note 1 to entry: The nozzle is frequently a separate component and the nozzle exit plane is clearly defined as the

downstream end of that component. If there is no separate component, the nozzle exit is the end of the transition
zone of the nozzle flow.

6 © IS0 2023 - All rights reserved
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3.48
nozzle inlet
imaginary cross-sectional inlet plane of a nozzle where the flow first enters the transport system

Note 1 to entry: In the special case of a shrouded nozzle, the inlet is referenced to the inner nozzle rather than the
shroud.

3.49

number size distribution

representation of the number of particles associated with intervals of particle size, over the full size
range encountered in a sample

Note 1 to entry: For samples consisting of aerosol particles (3.9), it is a representation of the relative number of
particdes (measured number of particles in a size interval divided by the total number of particles'jn the sample)
associfated with intervals of aerodynamic diameter.

3.50
off-ngrmal condition
condifion that is unplanned and which presents a gap with normal conditions

EXAMPLE Accidents and equipment failure.

3.51
particle
aggregate of molecules, forming a solid or liquid, ranging in Size from a few molecular diameters to
severpl millimetres

3.52
particle-size distribution
distripution of particle (3.51) size as a function of@mass or activity rather than number

3.53
penefration
ratio pf the concentration at the outlet'ef the sampling system, transport lines included, fo that in the
duct ¢r at the stack

3.54
polydisperse aerosol
aerospl (3.8) comprised of(particles with a range of sizes

Note 1 to entry: In general; the geometric standard deviation of the particle-size distribution of 3 polydisperse
aerosql is greater thaf 1,1.

3.55
potential emission
radiohuclidesthat can be released to the environment from a facility in the absence of contrpl equipment

3.56
precision

closeness of agreement between indications obtained by replicate measurements on the same or similar
objects under specified conditions.

Note 1 to entry: A value of precision is obtained by repetitive testing of a homogenous sample under specified
conditions. The precision of a method is expressed quantitatively as either the standard deviation computed
from the results of a series of controlled determinations or as the coefficient of variation of the measurements.

3.57
probe
tubing or apparatus inserted into a stack or duct through which a sample of the stream is withdrawn

Note 1 to entry: A probe usually refers to one or more nozzles and part of the transport line.

©1S0 2023 - All rights reserved 7
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3.58
profile

distribution of air velocity, of gas concentration or of particle (3.51) concentration over the cross-

sectional are

3.59

a of the stack or duct

quality assurance

QA

planned and systematic actions necessary to provide confidence that a system or component performs
satisfactorily in service and that the results are both correct and traceable

3.60

radionuclid
unstable isof
energy state

3.61

record sample

sample that i
Note 1 to entr

3.62

reference method

apparatus arj
Note 1 to entr]

3.63
representat
sample with
time of samp

3.64

a)

ope of an element that decays or converts spontaneously into another isotope ot dif
emitting radiation

s collected for reporting purposes

y: Record samples are often analysed off-line.

d instructions for providing results against which other-approaches may be compars

y: The application of a reference method is assumed toe.défine correct results.

ive sample
the same quality and characteristics forthe material of interest as that of its source
ling

response t

time required after a step variation in the:measured quantity for the output signal variation to r¢
given percenftage for the first time, usually 90 %, of its final value

3.65
sample
portion of al
stream

3.66
sample-exti
location in a

1

e

1 air stream ofinterest or one or more separated constituents from a portion of

actionJocation
tack or duct that coincides with the sample (3.65) nozzle inlet (3.48)

ferent

ed

at the

bach a

hn air

Note 1 to entry: By extension from the nozzle inlet, the entire plane that is perpendicular to the longitudinal axis
of a stack or duct.

3.67
sampler

device that collects or analyses constituents of the air sample (3.65)

3.68

sample stream
air that flows through a sampling system

3.69
sampling

process of removing a sample (3.65) from the free air and transporting it to a collector (3.17) or an
analyser (3.10) (monitor)

8
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3.70
sampling environment
conditions of the air flow and gas within a stack or duct that can influence the sampling process

Note 1 to entry: Factors to take into account include pressure, temperature and molecular composition of the gas.

3.71
sampling plane
cross-sectional area where the sample (3.65) is extracted from the air flow

3.72

sampling system
system consisting of a nozzle, an inlet, a transport line, a flow conditioning system (3.18)xand a collector
(3.17) or monitor

Note 1 to entry: A flow conditioning system may be used to change concentration, tempefaturg, humidity, or
other [characteristics. Depending upon the application, a flow conditioner might not-be used in| the sampling
systerp.

3.73
sedimentation velocity
terminal (maximum) velocity an aerosol particle (3.9) attains in quiescent fluid (air) as a|result of the
gravitational force

3.74
sensifivity
change in indication of a mechanical, nuclear, optical or électronic instrument as affected Iy changes in
the vgriable quantity being sensed by the instrument

Note 1 to entry: This is the slope of a calibration curve®@f an instrument, where a calibration curvel shows output
valued of an instrument as a function of input values:

3.75
shroud
aerodynamic decelerator placed around and extending beyond a sampling nozzle to redfice sampling
biase$

3.76
standard conditions
temperature of 298 K (252C) and a pressure of 101,325 kPa

Note 1 to entry: Used to,convert air densities to a common basis. Other temperature and pressure cpnditions may
be usdd but should.be applied consistently.

3.77
trangmission ratio
ratio pfthe aerosol particle (3.9) concentration at the nozzle outlet to that in the free stream

Note 1 to entry: It is stated whether a mass or activity basis is used.

3.78

transport line

part of a transport system between the nozzle exit plane (3.47) and the entrance plane of a collector
(3.17) or analyser (3.10)

3.79
transport system
all components of a sampling system (3.72), excluding the collector (3.17) or analyser (3.10)
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3.80

turbulent flow
flow regime characterized by bulk mixing of fluid properties

Note 1 to entry: For example, in a tube, the flow is turbulent if the Reynolds number is greater than about 3 000
and laminar if the Reynolds number is below about 2 200. There is little mixing in the laminar flow regime.

3.81

uncertainty

parameter characterizing the dispersion of the value of a measurand, based on the true value of a

quantity

Note 1 to entr]

3.82

uncertaintyj
procedure fa
variable as a

3.83
vapour
gaseous forn
condensable

Note 1 to entr
or solids.

3.84

y: The uncertainty is typically stated at a given statistical level of confidence (e.g. 95 %).

analysis
r estimating the overall impact on the accuracy (3.4) or precision (3.56)(of a depe
result of the estimated uncertainties of the independent variables

1 of materials that are liquids or solids at room temperature, as distinguished fromn
gases

velocity profile

distribution

3.85
volatile
having a hig}
at the prevai

Note 1 to entr]

3.86
wall loss
loss of sampl

Note 1 to ent
conditioning g
line, or transp

bf the velocity values at a given cross-sectioff“in a stack or duct

| vapour (3.83) pressure, which allows significant quantities of material to become ga|
ing temperature

y: In this document, the stack'or duct temperature is generally considered as the reference.

b (3.65) constituents to the internal walls of a sampling system (3.72)

y: Quantitatively, it is the equivalent concentration lost to the walls of a nozzle, transpot
ystem, ortsansport system divided by the concentration at the inlet plane of the nozzle, tra
ort systen:

ndent

non-

y: Vapours are gases but carry the connotation of having been'released or volatilized from liquids

seous

t line,
hsport

S

4 Symbo

For the purposes of this document, the following symbols apply.

A

A

10

cross-sectional area of a stack or duct, in m?

average radionuclide stack or duct emission rate over the period of integration,

in Bg-s1
cross-sectional area of the ith element, in m?
Cunningham's slip correction for aerosol particles, dimensionless

Pitot calibration factor, dimensionless
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velocity-averaging correction factor for a Pitot tube, dimensionless
velocity-averaging correction factor for a single point thermal anemometer, dimensionless

velocity-averaging correction factor for a line average velocity taken with an acoustic
flow meter, dimensionless

effluent activity concentration, in Bq-m-3

activity or mass or aerosol particle concentration at the exit plane of a transport system,
in Bg'm3 or kg:m-3 or m-3, respectively

ej

i

activity or mass or aerosol particle concentration at the exit plane of a®@emponent j, in
Bg:m3 or kg:m3 or m-3, respectively

activity or mass or aerosol particle concentration at the inlet plane-of a transport system
component j, in Bq-m3 or kg-m3 or m-3, respectively

activity or mass or aerosol particle concentration in the undisturbed free $tream at the
nozzle location, in Bq:m-3 or kg-m=3 or m3, respectively

decision threshold of the activity concentration, ityBq-m-3
detection limit of the activity concentration, inYBq-m-3
aerodynamic particle diameter, in pm

Dean number of a flow bend, De = Re/f:,, 1/2, dimensionless

inside diameter of a transport system component (e.g. tube), in m
fluctuation constant, dimensionless

ratio of the activity céncentration in the sample volume to the effluent actjivity concen-
tration in the freesstream, dimensionless

curvature ratio.(f., = ro,-d;1), dimensionless
length of-a.section of tubing, in m

walHosses of aerosol particles in transport system components, dimensionless
inean molar mass of a gas, in kg:mol-1

mixing of radioactive contaminant in the total effluent gas volume, determined as the
ratio of the concentration in the sample volume to the concentration in the free stream,
dimensionless

number of points or observations

number of components in a transport system, dimensionless

overall penetration of a sample through a transport system, dimensionless
penetration of a sample through a bend in a tube transport system, dimensionless
penetration of a sample through the jth component of a transport system, dimensionless
penetration through a straight tube, dimensionless

pressure in the stack or duct, in Pa
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Pstd standard pressure, equal to 101,325 kPa

q, volumetric flow rate at actual temperature and pressure conditions, in m3-s-1

Qstq volumetric flow rate at standard conditions, in m3-s-1

R individual gas constant for a particular gas, equal to R,-M1, in J-kg1-K-1

R, universal gas constant, equal to 8,314 J-kg'1-K'!

Ra surface roughness, in um

Re Reynolds number of flow in a tube, equal to p-U,,-d./u, dimensionless

r resuspension rate, in s’

I'eu radius of curvature of a pipe bend, in m

' net count rate (gross minus background) of the sample, in s-1

S signal

St Stokes number, equal to (C-p,,'D,2-U,)/(9u-d,), dimensionless

s standard deviation

T temperature, in K

T, temperature in stack or duct, in K

Tirq standard temperature, equal to 298 K'(25 °C)

t time, in s

ts time period over which sampling is performed, in s

u standard uncertainty

u(A_) standard uncertainty of the activity emission rate of a radionuclide, in Bg-s'

u(Cal) uncertainty associated with determining the calibration factor, dimensionless

u(Fy) standarddincertainty of the fluctuation constant, which is set at 1 for a meter ywhose
readings do not fluctuate, dimensionless

u(r,) standard uncertainty of the net count rate, in s

u(ty) standarduncertainty associated with the measurementofthe sampling time,dimensionless

u(V) total uncertainty in the volume of air, dimensionless

u(Vy) standard uncertainty of the total volume sampled, in m3

u(w) standard uncertainty of the calibration factor, in s'1

uc uncertainty associated with determining the calibration factor, i.e. correcting the indi-

cated flow, dimensionless
u.(A4) relative standard uncertainty of the cross-sectional area, dimensionless

ur(A_) relative standard uncertainty of the activity emission rate of a radionuclide, dimensionless
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relative standard uncertainty of the activity emission rate of a radionuclide representing
the coverage interval at 95 % (k = 2), dimensionless

relative standard uncertainty of the Pitot calibration factor, dimensionless

relative standard uncertainty of the ratio of the activity concentration in the sample
volume to the effluent activity concentration in the free stream, dimensionless

relative standard uncertainty of the overall penetration in a transport system, dimen-
sionless

uy(p)
u.(V,)

uy(w)

Uy (gf)

Uy (‘sd)

uy(p)

Vaf

pt

Vq

TIT oot S eI I eI ToOTIT e Y

relative standard uncertainty of the volume at actual conditions, dimensidnless
relative standard uncertainty of the calibration factor, dimensionless

relative standard uncertainty of the collection efficiency of'the collection medium, di-
mensionless

relative standard uncertainty of the detection efficieficy, dimensionless
relative standard uncertainty of the gas density, dimensionless
uncertainty in reading the flow meter scale,)dimensionless

volume of effluent that produced the samiple at stream temperature, presgure, and gas
composition, in m3

velocity at the midpoint of the ittt ¢lement, in m-s1

equivalent velocity at standard conditions, in m-s

total volume of gas (air)'sampled, in m3

velocity, in m-s1

line-average velocity obtained from an acoustic flow meter, in m-s
velocity.at actual conditions determined from use of the reference Pitot tybe, in m-s1

deposition velocity due to Brownian diffusion or turbulent inertial depofition on the
wall of a transport tube, in m-s1

effective deposition velocity of contaminant at the wall of a transport tubg, in m-s!

sedimentation velocity of an aerosol particle, in m-s-1

Vstd,ta

Vstd,ta,i

cross-stream component of gravitational settling velocity, in m-s
mean velocity of gas (air) in a flow tube, in m-s-1
velocity obtained from a single-point thermal anemometer at standard conditions, in m-s-1

velocity measured with a properly calibrated thermal anemometer at the centroid of the
ith element of area, in m-s-1

calibration factor, dimensionless

angular coordinate of a tube cross-section, in degrees or radians
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Pa
Pstd

Pw

5

This docume
in facility du
systems, in p

aspiration efficiency of a sampling nozzle, dimensionless
detection efficiency, in Bq1-s1

collection efficiency, dimensionless

transport efficiency, dimensionless

flow angle, in degrees or rad

decay constant, in s'1

Factors

the purp
the type
the char

the desiy

dynamic viscosity of a gas, in Pa-s

gas density in the stack or duct, kg-m-3

gas density in the stack or duct at actual conditions, in kg-m3
density of air at standard conditions, equal to 1 184 kg-m3
density of water at 4 °C, equal to 1 000 kg-m3

standard deviation

transmission ratio of a nozzle, dimensionless

transmission through the transport line, dimensionless
transmission through the nozzle, dimensionless

angle of inclination of a tube axis relative to horizontal, in degrees or rad

} impacting the sampling program

nt focuses on the mechanic$.of obtaining a sample of airborne radioactive constitluents
cts and stacks. However,(there are important factors that impact the design of sampling
articular the following:

ose of sampling;
of conditions (normal or off-normal conditions);
hcteristics.af the air stream and radioactive constituents;

ed measurement sensitivity;

the conc

brifrations or total emissions which trigger remedial action (action levels).

The impact of these factors on the sampling system should be assessed. Informative guidance
concerning the first three of these factors is given in Annexes G and L. Information relevant to the last
two is given in Annex .

For off-normal conditions, the performance of the sampling system can be affected by the modification
of several parameters (temperature, flow rate in ducts or stacks, type of airborne particles). Thus,
acceptance criteria introduced in this document for normal conditions should be considered as
recommendations for off-normal conditions.

14
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6 Sample extraction locations

6.1 General

The sample extraction location shall provide the possibility to extract a representative sample.

A representative sample is best extracted from a location where the radioactive materials of interest
are well mixed within the free stream. The term “well-mixed” includes the several criteria that are
given in 6.3. In a well-mixed stream the sampling probe may contain a single nozzle. In circumstances
where the well-mixed criteria are not achieved, a multi-nozzle probe may be necessary to get a
representative sample. The design and operation of sampling probes are described in 7.3 and Annex M.
Tools[to determine 1T the criteria for well-mixed sample extraction locations are descripef in Annex F.
Thesg tools include

— physical testing on the actual ventilation stack,
— physical tests with scale models or geometrically similar stacks, and

— numerical methods validated against physical test data.

6.2 |General requirements for sample extraction locations

The sfack or duct geometry and the airflow within should befully understood. The samplle extraction

probe
To me
addrd

should be located where the potential radioactive constituents are well mixed wit
et the recommendations of the following paragraphs:the accommodation for effluen
ssed early in the design of the ventilation systemfer discharging the airborne efflue

Usuallly, for a stack, the sample extraction locatiofi*should be situated between the disc
fan(s) and the discharge to the atmosphere, with the provision that the location shou
close [to the final exit that wind effects can significantly influence the velocity profile at

locatipn. Typically, in a well-mixed airflow, successful sample probe locations are in the

10 hyfraulic diameters downstream ofaflow disturbance and 3 or more hydraulic diamet
of a flow disturbance. There can be instances where greater distances are needed.

Partiqular attention should be given to the geometry of flow-entry conditions. Any addi
secondary air stream close tothe/wall of the stack or duct should be avoided. Bends, fans,
and similar disturbances promote mixing, but can also produce distortions in the veld
contaminant concentration-profile and angularity in the airflow in the first 2 to 3 hydrau
down

the cast of longer sampling lines.

NOTE
conve
other

[74], [

1  Features that enhance mixing do so by creating large-scale turbulence. One or mg

hand,sturning vanes and flow straighteners have the opposite effect. The generic tests of Rg
/7] and [96] provide tests of features that promote mixing. These are also summarized in

i

the airflow.
t sampling is
nt.

harge of the
Id not be so
the sampling
range of 5 to
PT'S upstream

n of a small
ctjunctions
city and the
ic diameters

stream. Therefore)sampling locations too close to such disturbances should be avadided, even at

re 90° turns,

Fging ajrstreams, mixing boxes, perimeter rings and commercial static mixers all enhance nixing. On the

ferences [47],
Chapter 15 of

Refergnce’[76]. Previously tested configurations can be used and scaled.

NOTE 2

If the user is interested in adopting a previously tested configurations, there are several documented

tests in published literature and technical reports: for example References [15], [17], [43], [44] and [89], (or other
publicly available test reports such as can be found on OSTI.gov). There are the constraints in F.1.2.5 for adopting
the results of previously tested stack or duct configurations.

6.3 provides criteria which describe a satisfactorily well-mixed location in the stack or duct system.
These criteria shall be met generally in the centre two-thirds of the cross-sectional area of the duct.
Consequently, sampling probes should be located within the centre half of the cross section of the duct
where the mixing is optimal. This enables the use of a single nozzle sampling probe, simplifying the
probe design and improved sample transport. Modern shrouded nozzles or automatic velocity matching
nozzles are accommodating of changes in free stream air velocity.

There are other considerations in locating the sample extraction probe and associated equipment. The
location should be readily and safely accessible, it should not present a problem for sampler servicing
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and maintenance activities and it should accommodate analysis or collection equipment that does not
compromise the quality of the sample. High radiation fields under post-accident conditions can present
a problem with respect to worker safety at the sample-extraction location. High ambient temperatures
or humidity can also be a problem in some cases. Either of these situations can dictate the requirement
for transport lines longer than normally required to accommodate installation of the sample collection
and analysis equipment.

Following a careful evaluation (see 7.8), one or more of the following steps should be taken in
circumstances where these criteria cannot be satisfied in effluent systems designed and constructed
prior to the publication of this document.

a) Selectan

b)

other location for the sampling probe

Install fgatures that promote mixing.

c) Perform|an in situ test demonstrating that a representative sample is being collected;

6.3 Criterjia for the homogeneity of the air stream at sampling locations
6.3.1 Gengeral
The values [of the properties that signify a well-mixed location fer, sample extraction cgn be

iteria
nts of
stems
ysical
ng for
at the

characterizef by certain criteria which are given in 6.3.2 to 6.3.6 and/inAnnex F. Achieving the cr
can be demonstrated using a program of physical tests and computation modelling. Measureme
these paramgpters are made at the in the sampling plane. Physical\test results on constructed sy
are unambiguous because all hidden construction details and.their effects are accounted for. Ph
test results ffom scale models or computational modelling are'more ambiguous without accounti
damper congtruction, damper settings, turning vanes, fan-construction, uneven velocity profiles
discharge of fans and the many hidden construction details.

6.3.2 Angular or cyclonic flow

le the
hould

The presenc
performancg
not exceed 2

e of a swirl can adversely affect-the mixing of particles in the airflow and degrad
of sampling nozzles. The mean flow angle between the flow axis and nozzle axis §
De.

6.3.3 Air velocity profile

Air velocitie
Cy, of the me)
includes at le

are measured-at’the grid of points described in ISO 10780. The coefficient of vari
asurementsds calculated. The C, should be less than or equal to 20 % across an are
ast the centre two-thirds of the area of the stack or duct.

ation,
q that

6.3.4 Gas ¢concéntration profile

A tracer gas rflow
upstream of the sampling location. The tracer concentration is measured at the same grid of
measurement points used for the velocity uniformity determination. The C}, of concentration at the
measurement points is calculated. The C} of the tracer gas concentration should be <20 % across at
least the centre two-thirds of the cross-sectional area of the stack or duct. Also, at no measurement
point should the concentration of the tracer gas differ by more than 30 % from the mean value for all of
the points.

(e alcohol sulfur hexafluoride nitrous oxide, helium) is introduced into the a

NOTE Reference [112] provides a comparison of the use of sulfur hexafluoride and nitrous oxide tracers.

6.3.5 Particle concentration profile

Suitable test aerosol particles are introduced into the airflow upstream of the sampling location. The
tracer concentration is measured using the same grid of measurement points as used for the velocity
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uniformity determination. The C, of concentration at the measurement points is calculated. The Cy,
should be <20 % across at least the centre two-thirds of the cross-sectional area of the stack or duct.

Test aerosol particles with a D, of about 10 um are recommended. This kind of test particle should
be used because of the requirement for test aerosol particles whose aerodynamic behaviour clearly
exhibits the inertial effects that can adversely influence mixing. They can be relatively easily generated
in either monodisperse (single particle size) or polydisperse forms and released into stack or duct flow.
Advice on test aerosol injection points is given in Annex F. Favourable results with this particle size
result in even better results with aerosol particles of smaller size. See also Annexes F and G for further
discussion of aerosol particles in different types of facilities.

cted accordingly.

6.3.6
stream

The recommended characteristics for locations from which to extractsaniples from a w
M are summarized in Table 1.

strea

Summary of recommendations for locations to extract samples from-a-well-m

Table 1 — Summary of recommendations fof'a‘sampling location

ihution) under

icle size may

ixed air

ell-mixed air

Characteristic

Methodology

Recommendations

Measflirement to determine if flow
in a duct is cyclonic

ISO 10780

The average resultant
be less than 20°.

ingle should

Velocjty profile

Selection of points.across a section
based on the guidance in ISO 10780
for the centre2/3 of the area of the
stack or duet. Additional points or
area may-be added to adequately
coverthe region.

Cyshould not exceed 2
centre region of the st3
that encompasses at le
stack or duct cross-sec

) % over the
ck or duct
hst 2/3 of the
tional area.

Tracelr gas concentration profiles

Selection of points across a section
based on the guidance in ISO 10780
for the centre 2/3 of the area of the
stack or duct. Additional points or
area may be added to adequately
cover the region.

Cy should not exceed 2
centre region of the stg
that encompasses at le
stack or duct cross-sec

) % over the
ck or duct
hst 2/3 of the
tional area.

Maxirum tracer gas cencentration
deviaftions

Selection of points across a section
based on the guidance in ISO 10780
for the entire cross-sectional area.
Additional points or area may be
added to adequately cover the
region.

At no point on the mea
grid should the tracer g
tration differ from the
by more than 30 %.

burement
as concen-
mean value

Aerodolparticle concentration

Selection of points across a section

Cy should not exceed 2

profile

based on the guidance in ISO 10780.

Additional points or area may be
added to adequately cover the
region.

centre region of the stack or duct
that encompasses at least 2/3 of the
stack or duct cross-sectional area.

) % over the

7 Sampling system design

7.1 General

The penetration of aerosol particles, gases and vapours of concern from the free stream to the collector

or analyser shall be determined.
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Performance criteria introduced in this document for monitoring of effluents may be considered as
recommendations for sampling systems designed for control monitoring only.

The performance of the sampling system for aerosol particles shall be considered sufficient for normal
conditions and for most off-normal conditions if a test under normal conditions with near-monodisperse
particles having a D, of 10 pm yields a penetration value above 50 %. In cases where additional data
about the relevant size distribution (e.g. activity size distribution) are available, the test aerosol particle
size may be selected accordingly.

The discussion in 7.2 to 7.9 does not cover all possible situations and may be adjusted for particular
situations where testing is neither appropriate nor practicable and for local regulations. A risk-based
graded appr i i i i i i ducts

of the nucleaE industry. However, formulating such an approach is beyond the scope of this doctn]ent.

7.2 Volumetric flow measurement

7.2.1 Geng¢ral

Accurate mdasurements of airflow in both the air sampling system and in.\the stack or duct [being

sampled sho
are introduc
on the same
temperature
or if the sam

In calculatin

1ld be provided because they directly impact the accuracy of emissions estimates. |
ed into the calculation of emissions if the emission and samplé flow rate units are not
gas density. This becomes significant where airflow isat)either elevated or depr
or pressure, for example if the facility is at an elevation of more than 300 m above se{

air or use

measurem;]i
at these condlitions are represented by the symbol:¢y{,;. The use of so-called mass flow meters ir

the emission

7.2.2 Emis

The airflow ¢
tovary by m
by the stand
and the varig
rate is imple

If continuou
be performe
Annex A, is d

For stacks a

b the amount of effluent air, the user should either adjust for the density differences
asurements based on a standard density.¢lypical conditions for standard density
s are a pressure of 101,325 kPa and a temperature of 298 K (25 °C). Flow measure}

and sampler airflows, calibrated, can:eliminate the need to make density adjustmen

sion stream flow measurement

fsampled emission streams should be continuously measured if the flow rate is antic
pre than 20 % per year (ifhistorical data are available, the 20 % value can be approxi
ird deviation of themeasurements.) Factors such as fan maintenance, the opening of
tions in the number-of fans should be taken into account in determining if continuou
mnented.

b measurerent of flow rate is not implemented, then measurements of flow rate s
1 at least.dnnually in accordance with ISO 10780. This standard method, as modif
enotedhereafter as the reference method.

5

rrors
based
essed
1 level

ble flow meter is on the vacuum side of the air mover; Liocal regulations may specify the gas
density condjitions to use for reporting emissions.

in the
r flow
ments
both
[S.

ated
ated
doors
5 flow

hould
ied in

hd ducts where continuous sampling is necessary, the flow measurement and reca

rding

system shou

an accuracy that is within 10 % of that measured with the reference method.

d be capable of determining the mass or volumetric flow rate of the effluent stream with

Any continuous flow measurement device should be subjected to minimum annual accuracy audits. If
the sensor of the continuous flow measurement device is based on electronic or acoustical principles,
periodic checks of the instrument zero and span (or linearity) should be made.

7.2.3 Sample air flow rate and volume measurement

The relative accuracy of the sample flow rate measurement and recording system should be within
10 % of a traceable flow standard. The sample flow sensor should be placed in the sampling system so
that it does not cause losses of aerosol particles or reactive radioactive gases. As a consequence, the
flow sensor is generally located downstream of the sample collector or analyser. Therefore, the gas
density at the flow meter differs from the gas density in the stack or duct.
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The sample flow rate should be displayed. If a mass flow meter is not used, pressure and temperature
instrumentation should be added to enable calculation of the gas density at the sensor.

If the sampling flow rate does not vary by more than 20 % over the sampling period, as a minimum
it should be recorded at the start and the end of a sampling period. For such a case, the total volume
sampled, V., may be calculated using Formula (1):

VT 2 S

)

W is the total volume sampled, in m3;

ql is the volumetric flow rate indicated by the flow meter at the start of the sampling period, in

mg.s'l;
qb is the volumetric flow rate at the end of the sampling period, in m3-5°1;
td is the sampling period, in s.

Contipuous flow measurement should be used if the flow rate cativary by more than 20 $% during the
sampling period. When continuous flow measurement is employed, the flow rate should|be recorded
at intervals not exceeding 10 min. The total volume of sampled air is based on integration] of flow over
the enptire sampling period. If the time interval between recordings is At, expressed in secpnds, and the
flow fate during the interval (either the true average inthe interval, the average of the initial and final
valuep in the interval, or the value at the interval midpoint) is g; expressed in cubic metrep per second,
the tgtal volume of air sampled, V, expressed in cubic metres, is calculated using Formula|(2):

N
Vp=2, . .4 At (2)

wher¢

W is the total volume of gir\sampled, in m3;

q is the volumetric flew rate during the ith interval, in m3-s;
N is the numberof intervals, dimensionless;

At is the timeJinterval between recordings, in s.

Other| integration schemes may be used if the numerically induced errors do not exceed those implicit
in thg Formula'above. The total sample volume, V-, is based on the flow rate indicated by thie flow meter.

If a cpntroller is used to maintain a constant flow rate, the controller should maintain the flow rate
within I5 % over conditions that correspond to an initial pressure drop across the coitector (usually a
filter) or analyser to a value that is twice the initial pressure drop.

If the emission flow rate can vary more than 20 % over a sampling interval, automatic control of the
sample flow rate should be used and the sample flow rate should be varied in proportion to the flow
rate through the stack or duct. The ratio between sample flow rate and effluent flow rate should be
maintained within 20 % of the sample fraction at normal operating conditions.

An exception may be made for that part of the air monitoring system containing a real-time
contamination sensor if its operation depends on a constant internal flow rate.

The flow controller should be tested at conditions similar to the operating conditions.
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7.2.4 Leak checks

Aleak in the sampling system or around the sample collector can cause the indicated sample flow rate
to be in error and could cause improper functioning of the sample collector. A sampling system should
be inspected for leaks at the time of installation and at any time when either significant maintenance
is performed or during a system inspection. The inspection or test methodology should be practical for
the installation and should be documented.

Leakage under flowing conditions into a sample collector, measured with apparatus such as that
discussed in NOTE 1 or NOTE 2, below, should not exceed 1 % of the operational flow rate when the
pressure level across the filter or collector is as recommended in NOTE 1.

NOTE1 Vi If the
sampling sys
for vacuum ot
explanation o

to the samplipg probe), then apply vacuum to the transport line and measure the leakage rate) For exan

jual inspection and the observation of foreign materials on samples can identify large leaks

em is strategically equipped with full-bore ball valves, then parts of the system can.be,isplated
pressure decay measurements or by observing or measuring flow through a blocked\systgm. An
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ion in 7.3.2 to 7.3.7 is applicable to.sampling from stacks and ducts that have the pot]
sol particles. Extracting the airlsample with a properly designed nozzle from a lo
otential contaminants are well mixed in the airflow provides a representative s
bl conditions and an adequate sample during accident conditions. Background infor
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on the desigh parameters of samplirig,nozzles is given in Annex M. Performance recommendatigtls for

nance

cs of sampling nozzles are tested with liquid aerosol particles with a recommen

mixing. The

ed D,

m. This kind of test particle should be used because of the requirement for test ag¢rosol
se‘aerodynamic behaviour clearly exhibits the inertial effects that can adversely influence
Can be relatively easily generated in either monodisperse (single particle size) or

polydisperse forms and released into stack or duct flow. Comparable behaviour should be demonstrated
to provide similar transmission values, because liquid particles adhere to walls, while solid particles
can rebound or be re-entrained from a surface.

The test aerosol D, of about 10 pm is recommended because the results should be conservative in
most situations as discussed in Annex G. Because radioactivity bearing particles commonly change
size as a facility ages or events occur, favourable test results with this particle size means even better
performance with reduced uncertainty for smaller aerosol particles size. In cases where additional
data about the relevant size distribution (e.g. activity size distribution) under normal, off-normal and
anticipated accident conditions are available, the test aerosol particle size may be selected accordingly.

The presence of a nozzle should not disturb the aerosol particle concentration in the stack or duct.
Accordingly, the frontal area of a nozzle, including the shrouds if so equipped, should not be excessive
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(e.g. not greater than 15 % of the stack or duct cross-sectional area) and the inlet diameter should not
be too small.

7.3.3 Application and performance considerations

7.3.3.1 General

The factors in 7.3.3.2 to 7.3.3.5 should be considered in the selection and use of a sampling nozzle.

7.3.3.2 Location

Sampling should take place at a location where both the aerosol particle concentratipn and fluid
moméntum (velocity) are well mixed and thus meet the performance criteria of 6.3.

7.3.3]13 Orientation

For agrosol particle sampling, the nozzle axis should be aligned parallel-toithe temporal mean flow
direction.

7.3.3/4 Transmission and aspiration ratios

pling nozzle shall have a transmission ratio within the range of 0,80 to 1,30 over thg anticipated
rangg of normal and abnormal conditions for an aerosol with a particle size of 10 um |D,. Also, the
aspiration ratio of a sampling nozzle shall be within the range of 0,80 to 1,50 for the antidipated range
of op¢rating conditions. The transmission and aspiratiowratios of the selected nozzle deSJgn should be

inal sampling
flow rate and range of anticipated sampling flow gates, the nominal free stream velocity and the range
of anticipated free stream velocity, and a partigle size, D, of about 10 um. In cases whefe additional
data §bout the relevant size distribution (e.glactivity size distribution) are available, th¢ test aerosol
partig¢le size may be selected accordingly._If actual testing is used, the means for det¢rmining the
ission and wall-loss ratios should:be documented. If reference to previous testing|is employed,
the equivalency of the selected design-ahd the design that was tested should be documentegd.

The l¢ading edge of the n¢zzle inlet should have a sharp edge and the external cone angle should not
30°. Other configdrations may be used if experimental data show either equivalent or superior
perfofmance to the shdrp-edged nozzle. If the sampling nozzle is shrouded, the shroud shquld not have
a sharp leading edge/For sharp-edged nozzles, the leading edge of the nozzle should be inspected for
e following-installation and subsequent to any maintenance procedures in whigh the nozzle
could|be damaged. Studies (e.g. References [47], [82] and [83]) have shown that single-nozzle, shrouded
probgs havereduced wall losses for particles having an aerodynamic diameter, D, greatgr than 5 um,
i -velocity streams (velocity greater than 10 m-s™1) when compared to isokinetic nozzles.

7.3.4 Sampling probes with multiple-inlet nozzles

The previous edition of this document recommended selecting a sampling location where both fluid
momentum and contaminants are well mixed with the airflow. The concept of “well mixed” was loosely
defined and the deployment of multiple nozzles in circular ducts larger than 201 mm in diameter, or
in rectangular ducts with cross-sectional areas greater than 0,093 m2, was recommended to ensure
the possibility of extracting a representative sample. However, it is now recommended that in place of
multiple-point sampling, single-point representative sampling should be used, with the requirement
that potential contaminants be “well mixed” at the sample-extraction location, as specified in the
performance criteria of 6.3.

If the effluent stream cannot be adequately mixed and sampled at a single point, probes with multiple
inlets have been a solution in the past. Now, in this case, an in-place demonstration of the system
providing a representative sample is recommended.
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Now it is required that a multi-nozzle probe be capable of the same performance as a single-nozzle
probe. A multi-nozzle probe shall, then, in principle, consist of a number of acceptable nozzles. The total
sample flow is then increased. Nozzles with an internal diameter smaller than about 10 mm are usually
not an option because they have a lower flow and higher losses. It is necessary, in fact, that a nozzle
on a multi-nozzle probe perform as well as, or better than, a single nozzle because of particle losses in
additional bends and joints.

Multi-nozzle probes may be used where they can be demonstrated, with in-place testing, to provide a

representative sample. Some designs of multi-nozzle samplers are discussed in Annex M.

7.3.5 Materials of construction
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7.4 Sample transport for particles

7.4.1 General

The transport of aerosol particles from a sampling nozzle to a collector or analyser should take place in
such a manner that changes in concentration and size distribution of airborne radioactive materials are
minimized within the constraints of current technology.

7.4.2 Depositional losses

In general, there are some losses of aerosol particles in transport lines due to particle deposition, and
any design entails compromises. The design parameters should be carefully chosen to optimize the

utility of the
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overall system. Annex B provides guidance on assessing particle penetration.
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The deposition of particles inside the transport lines from the extraction point to the filter should be
determined experimentally using test aerosol particles or by the use of documented computer codes or
documented and referenced hand calculations.

The performance of the sampling system is considered sufficient under normal, off-normal and
anticipated accidental conditions, if a test with near monodisperse particles of 8 pm to 12 um (D,)
yields a penetration value above 50 %.

A D, of 10 pm is mentioned when no information on aerosol size distribution is available. In cases where
additional data about the relevant size distribution (e.g. activity size distribution) are available, the test

aerosol particle size can be selected accordingly.
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application. There should be no inward-facing steps at the tubing connections thaf cause more

h 1 % reduction in tube diameter. The tubing ends should be free of burrs and crinping. Bends

H have a curvature ratio of at least 3 Flattening, which is defined as the ratio of the
ter to the original tube diameter;should not be less than 0,85. The user should not¢
ation techniques can be needed te'meet these specifications.
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ials recomimended for the nuclear industry are stainless steel for general appl
btrafluoreethylene for radioiodine.

7.4.4| cElectrostatic effects and flexible tubes

If plastic is used in aerosol-particle transport systems, internal electric fields can cause particle losses
(see Reference [23]). In particular, plastic tubing that has been flexed can show abnormally high wall
deposits as seen in Reference [70]. A transport system should be constructed of materials, such as
metals or conductive plastics, that do not maintain internal electrostatic fields. In many applications,
it is useful or convenient to employ flexible, non-metallic tubing to connect a sampler or analyser to a
transport line, particularly if it is necessary to isolate an analyser from mechanical vibrations in the
sample transport line. The inside diameter of the plastic line should not be smaller than the inside
diameter of the components with which it is connected and the bend curvature ratio should not be less
than three, nor may the curvature of a bend cause more than a 15 % change in the inside diameter of
the tube. If non-conductive, flexible tubing is used, the line length should be kept as short as practicable
and should not exceed 0,5 m.
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Of the flexible tubes that can be categorized as non-conductors, neoprene and natural rubber are
recommended to minimize electrostatic deposition of particulate matter (see Reference [23]). If
radioiodine is present in the effluent stream, the materials suggested in Annex C should be used.

7.4.5 Smoothness of internal surfaces

To minimize aerosol-particle depositional losses and to facilitate decontamination, the internal surfaces
of transport lines should be as close to hydraulically smooth as practical. Drawn tubing or other types
of tubes with Ra/d, less than approximately 5 x 10-> are acceptable, where Ra represents the height
of surface roughness of the internal tube walls and d, is the tube diameter. This criterion requires an
average surface roughness of approximately 1,6 pm or less for tube sizes that are in the order of 25 mm
in diameter.

7.4.6 Condensation

Sample trangport lines, collectors and analysers should be designed to avoid condensation of vapour.
Condensatioh takes place when the temperature of air in the sample transport ling’is less thgn the
saturation tgmperature of the vapour of interest. It can be necessary to thermally ihsulate, and in|some
cases heat, the sample transport line to prevent condensation. For situations.in’ which heating pf the
sampling ling can result in unacceptably high temperatures at a collector oranalyser, a dilution system
should be copsidered. However, care should be exercised to ensure thatthe dilution process do¢s not
produce conglensation at the mixing location. Experimental or numerical analyses should be perfdrmed
to demonstrate the effectiveness of any design provisions that are inténded to minimize or preclugle the
formation of[condensation in sample transport systems.

7.4.7 Cleaping transport lines

An additiondl consideration at some facilities is the necessity to clean transport lines. For applications
in which the sampled air is HEPA-filtered, cleaning might not be necessary within the expected lifetime
of the installption. However, for applications where background aerosol particles or contaminati¢n are
present in nprmal and/or off-normal conditions, it can be necessary to periodically remove deposits
from the int¢rnal walls of the transport system. If, after inspection, there is an indication of deposits
inside the ng¢zzle inlet, the transport line should be inspected and, if deposits are visible inside the
transport lirle, the line should be cleanéd:or replaced. For systems that sample non-HEPA-filtergd air
containing bpckground aerosol particles, regular inspections are recommended. If an estimate dan be
made of the [rate of deposition ofrall-derosol particles on the internal walls of the system, the system
should be cl¢ganed when the meairmass of deposited material exceeds 1 g:m2. Measuring the mpss of
material deposited is possibleé-only in systems designed to allow it. Alternatively, a cleaning schedule
can be set ug based on perfopmance of the transport system. The interval between cleanings shotild be
such that acqumulations.of Wall losses cause a reduction of no more than 10 % in the overall penetration
of aerosol pafticles with'a D, of 10 um through the sampling system.

In cases whdre additional data about the relevant size distribution (e.g. activity size distributiop) are
available, the test'aerosol particle size may be selected accordingly.

In addition, if there are indications of re-entrainment of deposits from the walls of the sampling system
or if there has been sampling of easily re-entrainable aerosol particles (e.g. flakes), either of which can
cause anomalous radiological data to be gathered, the system should be cleaned. Decontamination and
waste-production should be taken into account for any cleaning procedure.

7.5 Gas and vapour sample extraction and transport

Much of the discussion in 7.4 applies generally for sampling particles and gases. However, consideration
should be given to extracting and transporting vapour and gases to determine where special system
design can be required.

When non-reactive gases and vapour are the only species being sampled, the sampling recommendations
are considerably simpler than those for aerosol particles. The recommendations for minimizing particle
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line-loss are irrelevant. Deposition in long transport lines and condensation due to temperature
changes in the line should be avoided. If the flow can contain only gaseous contaminants, the nozzle
design is not critical, but the sampling should take place at a location where the flow is well mixed
and meets the criteria of 6.3. The nozzle design can be simply an open-ended or perforated tube. The
extraction and transport requirements that apply include extracting the sample from a well-mixed
location and avoiding water and vapour condensation in the transport and collection system (except
where condensation is used as the collection method).

When non-reactive gases, vapour and particles are being simultaneously sampled, the particle sample
extraction and transport requirements should apply, which also ensures adequate delivery of the gas
and vapour sample The remalmng con51derat10n then, is the selectlon of sultable collectlon devices.
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7.6 |[Collection of particle samples

7.6.1| General

Depending on the purppse-of the sample, a wide range of techniques is available for n
colledting airborne particles. Particles can be collected on filters for retrospective dete
total jnass, radionuelide’activity, or chemical form, in cyclones or cascade impactors for detg
partigle size distribution, on electron microscope substrates for determination of particle
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substhnee with time. Critical issues for selection and operation of particle collection d¢

follows:

retrospective analyses;
adequate flow rates and detection efficiencies to meet sensitivity requirements;
minimal in-leakage within the collector;

minimal particle loss within the collection zone.

7.6.2 Filter media

appropriate presentation of the sample for real-time analyses or preservation of the sample for

Selection of a particle-collection filter should be based on careful consideration of collection efficiency
for the typical particle size in the duct, the area of the filter, the pore size, the filter's resistance to air
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flow, the background radioactive material of the filter, filter fragility, cost, self-absorption within the
filter and chemical solubility. If the performance characteristics of the front and back surfaces of the
filter are not within 5 % of each other for the intended purpose of the sample, there should be a clear
means of identifying the appropriate surface for particle collection. The filter should be strong enough
to maintain its integrity at the required sample flow rates and during handling activities.

When filter media are used, a backup support that produces a negligible pressure drop should be used
behind the filter to prevent filter distortion or deterioration. The filter holder should provide adequate
structural support while not damaging the filter, should prevent sampled air from bypassing the filter,
should facilitate changing the filter and should facilitate decontamination. If gaskets are used to seal the
filter to the backmg plate the gasket should bei in contact w1th the fllter along the entlre c1rcumference
to ensure a g : Hninate
build-up of dust or fllter materlal Wthh can result in sampled air bypassmg the fllter

To reduce the uncertainty associated with collection efficiency, filters that are used for sanpling
airborne radfioactive particles should have a minimum efficiency of 95 %. Efficiency values shon\lnlld be
applicable td the conditions of use, for example, the collection efficiency depends on/the face velocity
and humidity (see Reference [23]).

If published |or manufacturer's data on filter collection efficiency are not,available for the pdrticle
sizes of inteffest, then the efficiency should be determined by the user. Thisjcan be done by plating a
highly efficignt membrane or glass fibre filter behind the filter of interest@nd then comparing thelmass
penetrating fo the backup filter to the total mass collected on both filters'(see Reference [48]). If { filter
with an efficlency lower than 95 % is required to meet the overall sampling objectives, then a corr¢ction
for efficiency should be made. Because filter efficiency is a funiction of air flow rate, care shoyld be
taken to maiptain a sample flow rate that is adequate to achieve’the desired collection efficiency.

If penetration of radioactive material into the collection media or self-absorption of radiation by the
material coﬂgcted can reduce the count rate by more than 5 %, a correction factor should be|used.
A dual filte] method can also be used to measurge, the absorption efficiency in the filter me¢dium
(see Reference [48]). Evaluation of self-absorption-in the material collected may require separate
radiochemical analyses.

Annex D illu§trates the type of information-that is useful in selecting an appropriate filter for sanpling
airborne radfioactive particles. This includes physical and performance characteristics of a numper of
typical coarde-fibre, fine-fibre and mefbrane-type filters.

7.7 Colledtion of gas and vapour samples

7.7.1 Gene¢ral

Airborne radioactive&olatile materials and noble gases (e.g. krypton) are frequently present in nuclear
facility efflu¢nts. Their sampling and collection require techniques and methods that are different from
those used in patticle sampling. This topic may be divided into two general methods of sampling:

a) samplingwithrretentiomof specific tonstituents of the air streant, amd

b) sampling without constituent separation. Annexes C, H, K and N provide further guidance specific
to radioiodine, tritium, carbon-14 and ruthenium-106, respectively.

7.7.2 Sampling with retention of specific constituents

Sampling with removal and collection of specific constituents requires a detailed knowledge of the
chemical and physical properties of the radioactive material of interest, including possible interfering
materials, such as particulate matter and accompanying non-radioactive gases (e.g. acids and organic
chemicals). The many possible combinations of the properties of the constituents being measured and
the accompanying airborne materials require careful study to select the optimum collector. Gases and
vapour components can be soluble in water, can be highly reactive with certain solutions, can dissolve
in specific non-aqueous solvents, or can be retained on specific solid adsorbents or other specifically
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prepared media. In general, continuous or extended samples are taken when separation and removal of
a constituent is required. Sampling rates should be established to ensure adequate sensitivity for the
selected radioassay method and should be compatible with the collector performance characteristics.
Avoiding sample breakthrough should also be considered when choosing the sampling rate and
duration. The principal collection methods include solid absorbents (such as carbon, zeolites, silica gel
and metal beds), condensation, gas absorption and catalytic or chemical reaction (see Reference [20]).

The retention of certain sampled gaseous or vaporous constituents are specifically addressed in the
annexes. Annex H discusses Tritium, Annex K discusses 14C and Annex N covers 196Ru.

7.7.3 Sampling without constituent separation
In sone instances, a sample of air containing gaseous radioactive constituents can’ be desired for
measpirement of the activity concentration of airborne materials and its trend. Examipl€s are noble gas

isotopes, tritium and activated gases near a reactor. Volume collection and flow-threugh detectors are
the two principal methods for total gas sampling or monitoring.
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Evaluation and upgrading of existing systems

If an existing air sampling system was not designed to the performance requirements and
recommendations of this document, an evaluation of the performance of the system, including the
location of the probe, is recommended. If deficiencies are discovered, an evaluation study should be
performed to determine if a retrofit is recommended and possible. Arriving at a suitable solution
requires optimizing among competing factors. Guidance on the process of optimization for radiological
protection has been described in Reference [10]. Evaluation of existing systems should be undertaken
using proven techniques.
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7.9 Summary of performance criteria and recommendations

Throughout this document, performance criteria for various elements have been included in the
discussion of each element. For convenience, they are summarized in Table 2. These criteria cover
aspects of system design and operation. The approach followed in this document is to give performance
criteria and recommendations according to guidance values when no information is available on the
type of stream being measured. When information is available on the stream being measured (e.g.
aerosol particle size distribution), then these specific values should be used.

A facility sets action levels for a particular radionuclide in an aerial discharge in response to the
authorization discharge levels for that facility set by the regulator of that facility. Action levels can
be either a control mechanism used ]‘\y the Fnri]ify ifcnlf’ or levels fhnf’ if rnarhnﬂ’ necessitate official

notification fo the regulator.

Performancg criteria for the sampling and measurement of a specific radionuclide are détermined by
the facility, in consultation with the regulator and Table 2, in order to provide accuraté-monitorjing of
the specific fadionuclide.

Table 2 — Summary of performance criteria and recommendations

Performance criteria and recommendations? Reference

The performpnce of the sampling system for aerosol particles shall be considered
sufficient forjnormal, off-normal and anticipated accidental conditions, if afest under
normal condifions with monodisperse particles with a D, of 10 pm yields:apénetration
value 250 %.

The penetration of the gases and vapours of concern from the free styedi to the collector
or analyser should be considered sufficient if it is 250 %.

Clause 7 and 7.4.2

Clause 7 and 7{5

The nozzle should have a transmission ratio 280 % and <130 for particles witha D,

of 10 pm. 73.2
Recommenddtions for a suitable sampling location are as:follows:
a) coefficiepts of variation over the central 2/3. by area of the cross-section within

20 % fof with a D, of 10 um, gaseous tracer, aerosol particle tracer and gas

locity;

velocity 63
b) the tracdr gas concentration should ot vary from the mean by >30 % at any point

on the measurement grid (see 6.3.4),
c¢) Flow angle <20° relative to tie-long axis of the stack or duct and the nozzle inlet
Effluent flow|rate continuousanéasurement recommended if flow variation is greater 792
than +20 % ip a year. =
Effluent and §ample flow vate should be measured within +10 %. 7.2.2and 7.2.3

Continuous spmple flow’rate measurement and control are recommended if the stack
or duct flow yaries\By more than #20 % during a sample interval. Flow control should 2.3
be within #1% %.
NOTE1 A D, of TO TS TIeImtioned W 1Mo I oTTITation O aeros0t SiZze distribution s avattable: frcases witere addlitional

data about the relevant size distribution (e.g. activity size distribution) are available, the test aerosol particle size can be
selected accordingly.

NOTE 2 This table is based on presence of aerosol particles in the stack or duct. If no particles are emitted, criteria can be
based on gas characteristics only.

a  Thecriteriagivenin thistable are recommendations based on user experience in actual testing. These recommendations
for individual uncertainties and biases result in a satisfactory overall uncertainty.

8 Quality assurance and quality control

Every facility that conducts sampling and monitoring of effluent radioactive substances should have
a quality assurance (QA) programme. The purposes of a QA programme are to provide assurance to
facility management, regulatory agencies and the public of the validity of the data from the sampling
and monitoring of released radioactive substances, and to identify any deficiencies in the sampling
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equipment and procedures in order to take corrective action. The tools used to accomplish these
objectives include documentation, calibration, maintenance and inspection. As a minimum, the QA
programme should address the quality aspects of the sampling of effluent radioactive substances in the
following areas:

a) organization:

organizational responsibilities;
administrative controls;

reporting and notification system;

documentation;

personnel qualifications;

b) design of the sampling system:

source terms;
selection of extraction locations;
selection of sampling and monitoring devices;

selection of collection procedures;

c) operating procedures:

sample extraction procedures;

sample collection procedures;

system operation procedures;

calibration procedures;

data analysis;

maintenance and check procedures;

maintenance precedures;

check and.test procedures;

status;

disposition of non-conformant items and conditions;

corrective action programme.

Additional information relating to inspections and calibrations particularly relevant to air sampling
systems is presented in Annex J.
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Annex A
(informative)

Techniques for measurement of flow rate through a stack or duct

A.1 General

The volumet

Fic flow rate, g, through a stack or duct is defined as given in Formula (A.1):

q, = JV -dA
A
where
q, is the volumetric flow rate through a stack or duct, in m3-s7;
v is the velocity at any location across a stack or duct, in m-s1;
A is the cross-sectional area of the duct, in m2.
A method fof determining g, involves measuring the velocity.at-a finite number of points in a

where each

Formula (A.Z

N
/P :ZV' ’
i=1

where

is

The cross-se
equal areas.
The requirer
in the refere

The flow rat
calculated fr

Pa

oint is chosen as the centroid of an area element:(Fhe relationship defining g, is as gi

):

the volumetric flow rate thiough a stack or duct, in m3-s1;
the velocity at the centroid of the ith area element, in m-s’;
the cross-sectionalatea of the ith element, in mZ2.

ction of the stack or duct is divided into N elements. In practice, all of the N elements

hents for'‘the absence of cyclonic flow given in ISO 10780:1994, Annex C, are also ing
1ce miethod.

(A1)

duct,
yen in

(A.2)

have

The approach embodied in ISO 10780 serves as the reference method for this document.

luded

£, @), is associated with the air density, p, that exists in the stack or duct. The den

pity is

om the ideal gas equation for dry air as given in Formula (A.3):

Pa = RT,
where
Pa is the gas density in the stack or duct at actual conditions, in kg-m-3;
Pa is the pressure in the stack or duct, in Pa;
R is the individual gas constant, here for air, equal to 287 J-kg1-K1;
T,  isthe temperature in the stack or duct, in K.
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The volumetric flow rate at standard conditions, g4, is the parameter that is being calculated for
reporting and analysis purposes, and it is related to the actual volumetric flow rate, g,, as given in

Formula (A.4):

Pa "qa = Pstd "qstd (A4)
where

Pa is the gas density in the stack or duct at actual conditions, in kg-:m-3;

q is the volumetric flow rate through a stack or duct at actual conditions, in m3-s1;

Plid is the gas density in the stack or duct at standard conditions, in kg-m-3;

ql,q  is the volumetric flow rate through a stack or duct at standard conditigns, in m3-s-1.

The flow rate at standard conditions from Formula (A.4) can then be expressedyas given in Fprmula (A.5):

QtdZQa"Ij;',_td';—a (A.5)
a std
whereg

gk.q  isthe volumetric flow rate through a stack or dugt at standard conditions, in np3-s1;

ql, is the volumetric flow rate through a stack-9#’duct at actual conditions, in m3-41;

T} is the temperature in the stack or duct;in K;

TL.q  isthe standard temperature, equalto 298 K;

ph is the pressure in the stack.af duct, in Pa;
Pkq  isthe standard pressure, equal to 101,325 kPa.

In prdctice, the value of g, is determined from velocity measurements at traverse points aj specified in
ISO 19780, with the value caleulated from Formula (A.2). The temperature and pressure i the stack or
duct gre measured in accordance with the requirements of ISO 10780.

A.2 |Special considerations for use of ISO 10780 in sampling stacks and |ducts of
nuclear facilities

A.2.1 General

The refetence method for dpfprmining air flow rate fhrmlgh a stack or duct as givnn in SO 10780, is
developed for flow rate determinations in non-nuclear stacks and ducts. It is necessary to take into
consideration several differences between sampling from non-nuclear stacks and ducts and their
nuclear counterparts.

A.2.2 Pitot tubes

An S-type Pitot tube was recommended in ISO 10780 to reduce the risk of dust plugging the ports of the
Pitot tube when measurements are made in dusty environments. Because dust loading during velocity
mapping in a stack or duct in the nuclear industry is, however, usually not a concern, Prandtl-type Pitot
static tubes (Type L in ISO 10780) should be considered as the reference apparatus for sampling under
the requirements of this document. However, when dust loading is of concern, an S-type Pitot tube may
be considered.
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A.2.3 Mean molar mass of the stack or duct gas

In the industrial applications for which ISO 10780 was designed, the gas being tested often contains
products of combustion or an elevated water-vapour content resulting from drying operations. In
contrast, the gas in most stacks and ducts of the nuclear industry is ventilation air. In the latter case,
it is usually unnecessary to determine the mean molar mass, M, in stacks and ducts. However, if it
can be anticipated that there can be more than 10 % water vapour in the stack or duct, or if there
are other gases that can change the mean molar mass by more than 4 % from the value for dry air
(20,896 kg-mol1), it is necessary to determine the mean molar mass of the gas. In this case, the resulting
value is used to calculate the gas constant, R, as given in Formula (A.6):

R

R= ﬁ“ (A.6)
where

R is the individual gas constant, in J-kg1-K-1;

R, isfthe universal gas constant, equal to 8,314 J-mol'1-K1;

M is fhe molar mass of the gas, in kg-mol-1.
A.2.4 Thermal anemometers
If the mean molar mass and water content of the stack or duct gas are in accordance with the yalues

stated, the g
on a thermal
3 % during t
other vapou
Pitot tube.

When a ther
standard cor

hs can be treated as air. If the dust loading in thestack or duct is such that any de
anemometer probe do not change the calibration of a thermal anemometer by morg
he course of the velocity measurements and if'there is no condensation of water vap
on the sensor during flow measurements,\a thermal anemometer can be used insted

mal anemometer is used for velocity mapping in a stack or duct, the flow rate bas
ditions, g4, is determined accoxding to Formula (A.7):

hosits
than
DUr or
dofa

ed on

N

Astq = 2 Vstd,ta,i 'AAi (A-7)
i=1

where
Gstq  ip the volumetrie’flow rate through a stack or duct at standard conditions, in m3-s1;
Vstdta, 1P the veldcity measured with a properly calibrated thermal anemometer at the centrjoid of
the ithelement of area, in m-s;
A; ip the cross-sectional area of the ith element, in m2.

1

A.3 Conversion of data from single point or single line measurements to total

flow rate

A.3.1 General

If continuous single-point velocity measurements with a Pitot tube or a thermal anemometer or line-
integral measurements from an acoustic flow meter are used to infer the total flow rate through a stack
or duct as a function of time, the resulting data should include a correction factor accounting for the
shape of the velocity profile. The correction factor is determined by comparing the flow rate obtained
with the single-point technique with those of the reference method defined in ISO 10780.
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A.3.2 Pitot tube

The velocity-averaging correction factor for a Pitot tube, C, ;, is defined in Formula (A.8):

89:2023(E)

(A.8)

q

Cv,pt =—2 A

Vpt -

where
C,pt  isthe velocity-averaging correction factor for a Pitot tube, dimensionless;
it 1 PR | o i+l L + 1 | £ ot + 1 diis ] lot

(Zi IO UIIU VUIUIIITULLIIU TIUVV 1T dLU LIIT uusu doldUN ULl Uutlidudliudl LUIIUILIVUIIO LdiItuidy

to Formula (A.2), in m3-s7;
vl is the velocity obtained from a single-point Pitot tube, in m-s7;
A is the cross-sectional area of the duct, in m2.

Usuallly, the single point is located near the centre of the duct. Multiple.mieasurement p

used,

The ¥
perfo
more
stack
carrig

of the
factoi
If the
condi

At led
Durin

in which case the value of v is the average of the values from the multiple points.

elocity, v, is continuously monitored during the period thatthe reference meth
Fmed to establish the velocity-averaging correction facton 'C, . . If the value of |

or duct is subject to long-term flow rate variations that exceed 25 %, additional te

velocity-averaging correction factor at those\conditions. A single value of the flo
may be used if the range of flow-correctign-factor values is within 7 % of the ba
values of the correction factor at the extreme flow conditions are greater than 7 9
fion, then a relationship may be needed-\between the velocity correction factor and fl

st two replicate tests should be“performed to establish a value of the correction
g routine use, the flow rate, g,,isdetermined from readings of the single-point Pitot

ed according

oints can be

bd testing is
' changes by

than 5 % during the course of testing, the data should*be rejected and the test repeated. If the

bts should be

d out at the highest flow rate (if it exceeds the base condition by more than 25 %) and the lowest
operdtional flow rate (if it deviates from the base condition by more than 25 %) to est

hblish values
W correction
se condition.
b of the base
ow rate.

factor, C, .

fube as given

in Fojmula (A.9):

44 =Copt Vpe 4 (A9)
A.3.3 Thermal anémometer
A thermal anemenieter located at a single point in a flow field provides a reading that is 1jelated to the
total flow rate@t'standard conditions, g4, through the relationship given in Formula (A.10):

A4td FCiita Vstda A (A.10)
where

Gstq  is the volumetric flow rate through a stack or duct at standard conditions, in m3-s1;

Cyta  Isthevelocity-averaging correction factor for a single point thermal anemometer, dimensionless;

Vstdta 1S the velocity obtained from a single-point thermal anemometer at standard conditions, in

m-sL;
A is the cross-sectional area of the duct, in m2.

The numerical value of the velocity-averaging correction factor, C

vta’

is determined by comparing

the readings from a thermal anemometer operated at a single point with simultaneous data from the
reference method flow rate test. It is necessary to correct the data from the reference method test to
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standard conditions through use of Formula (A.5). The requirements for carrying out the tests are the
same as those for the Pitot tube correction factor as given in A.3.2.

Continuous measurements of the effluent flow rate at standard conditions can be obtained by using
a rake of parallel thermal anemometers, with the individual anemometer elements placed on an
ISO 10780 based grid of measurement points. Provided that the electronic signals are processed

properly, the

output reading of such a system is the flow rate according to Formula (A.10).

A.3.4 Acoustic flow meter

The reading provided by an acoustic flow meter is a distance-weighted average velocity across a line

between a sg
related to flo
average velo
also requires

A

City. To obtain the flow rate, g, through a stack or duct from acoustic flow meter, reg
applying a velocity-averaging correction factor, C, ., as shown in Formula (A.1):

af “Vstd,af - A

5 the volumetric flow rate through a stack or duct at standard conditions, in m3-s1;
5 the velocity-averaging correction factor for an acousticflow meter, dimensionless;

5 the line-average velocity obtained from an acousticflow meter at standard conditig
-1.
n-s;

5 the cross-sectional area of the duct, in m2.

h and requirements for determining C ¢y are the same as those for the single-point

Gsta =Cy
where
qstd i
Coar 1
Vstd,af i
1
A i
The approac
tube method
34

ns, in

Pitot
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Annex B
(informative)

Modelling of particle losses in transport systems

B.1 General

Aerodol particles can be deposited on internal surfaces of transport systems as a result offmechanisms
that ¢ause particles to move transversely to air flow streamlines. This includes.the’phenomena of
gravitational settling, inertial impaction, turbulent inertial deposition and Brownian diffusion. For
most fransport systems, the Brownian diffusion mechanism is of significance ofily’for aergsol particles
with pizes smaller than approximately 0,3 um, whereas the other mechanisms are of infportance for
partigles larger than this size. Turbulent deposition is of consequence for flows with Reyng¢lds numbers
>2 200, where the Reynolds number, Re, is as given in Formula (B.1):

v -d
Rg:m (B.1)
u

wher¢

Reg  isthe Reynolds number of flow in a tube, dimensionless;

p is the gas density in the stack or duct, ipkg-m3;

vl,  isthe mean velocity of the gas in a flow tube, in m-s1;
d is the tube diameter, in m;
U is the dynamic viscosity.ofa gas, in Pa-s.

For d tube of circular cross:section, the Reynolds number can also be expressed|as given in

Formjila (B.2):

Re=XP 4 (B.2)

where

Re is the Reynolds number of flow in a tube, dimensionless;

p—Ts the gas C‘lcuaity imrthestackorductin }\5 111'Q,

q, isthe volumetric flow rate through a stack or duct, in m3-s1;
d, isthe tube diameter, in m;

u is the dynamic viscosity of a gas, in Pa-s.

where g, is the volumetric flow rate through the tube and is equal to the product of the mean velocity
and the cross-sectional area.

The combination of flow rate and tube diameter of most aerosol-particle sampling systems result in
turbulent flow.
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Empirical or semi-empirical models for predicting the effects of the various depositional mechanisms
exist for most components of a sampling system. For nozzles, the losses are controlled by inertial forces
including those associated with flow turbulence, the Saffman force and, occasionally, by gravitational
settling. For vertical tubes, it can be assumed that the depositional losses are controlled by turbulent,
inertial deposition, and Brownian diffusion. For horizontal tubes, the losses are caused by gravitational
settling, turbulent inertial deposition, and Brownian diffusion. In bends, the losses are due to the effects
of inertial impaction. The predictive models typically assume that the velocity and concentration
profiles are uniform at the entrance section of the component of interest. It is expected that this
assumption is not fulfilled in many sampling system components because the flow disturbance created
by an upstream component can affect the depositional characteristics in the succeeding component.
However, in experlmental studles w1th a comp051te transport system (nozzle horlzontal tube inclined
tube, verticaftut i ed on a
sequential cd mblnatlon of components with assumed undisturbed 1nlet conditions compared wel| with
experimental data.

B.2 Aerosol particle penetration through transport system components

B.2.1 General

The penetration, P, of aerosol particles through the jth component of a trahsport system is defiped in

Formula (B.3):

C .
P; = ej (B.3)
where

P; is [the penetration of aerosol particles throtgh the jth component of a transport system, di-
mensionless;

Ce;j Iisfhe activity or mass or aerosol pagticle concentration at the exit plane of a component j, in
Bd-m3 or kg:m-3 or m-3;

c;;  istheactivity or mass or aerf030l particle concentration at the inlet plane of the jth compgnent,

in|Bg'm3 or kg:m-3 or m-3{

If there are|n components in ‘@sampling system, it is assumed the overall penetration, P, cpn be
calculated aq if each componént were independent, see Formula (B.4):

n
P=I]P (B.4)
j=1
where
P is the overall penetration of aerosol particles through a transport system, dimensionless;
P; is the penetration of aerosol particles through the jth component of a transport system, di-
mensionless;
n is the number of components in a transport system, dimensionless.

Estimates of particle losses in sampling systems should be calculated analytically or determined
experimentally. Analytical calculations may be performed, for example, using the methods in this
annex and in References [18], [62] or [75]. Numerical computations may be performed with one of
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several available qualified computer codesl). As an example, the software Deposition Calculator? uses
several semi-analytical models to determine the depositional losses in sample lines due to gravitation
settling, diffusion and turbulent inertial deposition. The models for each type of depositional loss are
further refined based on laminar, turbulent and transitional flow regimes. The laminar gravitation
settling model is based on Reference [49]. For the case when the flow is turbulent the model developed
in References [93] and [94] is used. The turbulent eddy model, which only applies to turbulent flow,
is based on work presented in References [62], [64] and [68]. Different types of transport system
components are also addressed, such as certain types of inlet nozzles, straight tubes, bends, splitters
and fittings that either enlarge or reduce the flow tube diameter. Losses associated with contractions in
fittings are discussed in Reference [82]. Similar capabilities are implemented in other standards[®l and
codes such as Astec/Sophaeros?)[291(28] and PAPAVI106][107][108],

B.2.2 Wall losses in nozzles

At the date of publication of this document, there was no general model for predicting wall losses in
nozzlgs. Reference [36] determined an experimental correlation of wall losses‘as’a functjon of design
and operational conditions for isokinetic nozzles of a Willeke-Okazaki configiration[109, These nozzles
are similar in design to those in the first edition of this document, exceptythat there is ho bend. The
mode] of Reference [36] is based on experiments with particle sizes 0fonly 10 pm and|20 um, so it
canngt be used as a general predictive tool for all nozzle applications: Nevertheless, it provides the
basis|for estimating internal wall losses in the straight region of ashozzles upstream of the|bends.

The doftware Deposition Calculator includes the models of<References [36] and [105] ffor use with
unshrouded isokinetic nozzles. The model from Reference [36] can overestimate the lossef in the more
modejrn designs of isokinetic nozzles, such as is illustratediirFigure B.1 from Reference [21]. A shrouded
nozzlg from Reference [79] is basically a nozzle fitted~with a flow decelerator (see Figure B.2). It has
lowerjwall losses than an unshrouded nozzle and it is less susceptible to off-design sampling conditions
(e.g. off-angle flow direction, flow turbulence, changes in sampling flow rate or change§ in the free-
stream velocity) than an unshrouded nozzle (see Reference [22]). If the Deposition Calcplator model
is applied to a system fitted with a shrouded.nozzle, the code calculates aerosol particle fransmission
based on the model of Reference [45].

1) Contact address for Deposition Calculator:
Blunt Consulting LLC

283 Heritage Rd

Williston, SC 29853
http://www.bluntconsulting.com

2) Contact address for Astec/Sophaeros code:
IRSN/PSN-RES/SAG

CE Cadarache

Bat 702

13115 Saint-Paul-lez-Durance CEDEX

France
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Dimensions in millimetres unless otherwise indicated
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1 nozzle

2 transport|line
a2 Flow.

Figure B.1 + Unshrouded nozzle of Reference [21] with wall losses of aerosol particles witha D,
of 10 um equal to about half of those of a nozzle with a constant internal diameter
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2 transport|line

3 shroud

4  inner nozgzle

a  Stack or duct gas flow.
b Shroud efptrance plane.
¢ Nozzle elrance plane.

d  Sample flpw to collectot/6r monitor.

Figure B.2 — Shrouded nozzle

B.2.3 Straighttubes

The penetration of particles through a straight tube is calculated as given in Formula (B.5):

mdy vy L
P=e % (B.5)
where
P, is the penetration through a straight tube, dimensionless;

d,  isthe tube diameter, in m;
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is the effective deposition velocity, in m-s;

is the length of a section of tubing, in m;

q, isthe actual volumetric flow rate through the tube, in m3-s-.

The effective depositional velocity is the magnitude of the vector sum of the gravitational settling
terminal velocity, which is always directed downward, and the turbulent inertial deposition and
Brownian diffusion velocities, which are directed radially outward in a tube. A basic assumption when
using this model is that the aerosol particles are well mixed across any cross-section of the tube.

The e

given

wher

vV
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set eq
partic

For a
Form

<

wher

v,
v,

¢

If the
inerti

in Formula (B.6):

1 ZITE
L= — (Vd —vge~sina)da
2'm 5

is the effective deposition velocity for an inclined tube, in piss™;

turbulent inertial deposition, in m-s;
is the cross-stream component of gravitational settling velocity, in m-s™.

Formula (B.6) is subject to the constraint that, (%4 - vg.'sin @) needs to be greater than z
pial to zero. The constraint is necessary because;etherwise the prediction would be equiva
les being transported from the environment throtgh the top (relative to the horizontal plang

tube whose axis is inclined at an angle of ¢ relative to the horizontal plane, v, i

1la (B.7):

e =Vg COS O

. is the cross-stréam component of gravitational settling velocity, in m-s1;
| is the sedjmentation velocity of an aerosol particle, in m-s1;
is thednclination angle to horizontal, in rad or degrees.

effects of both gravitational settling velocity in the cross-stream direction and f

fective deposition velacity for an inclined tube, Figure B 3 was modelled (see Reference [14]) as

(B.6)

! is the deposition velocity due to the combined effects'of thermal (Brownian) diffusion and

bro. If not, it is
ent to aerosol
) of a tube.

5 as given in

(B.7)

he turbulent

al deposition velocity are of consequence, there is a tube diameter that optimizes ael

'osol particle

pene

= 1 £ £3 J_£] + . ) H 11 +] +] iy ] 1 1
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ve increased

turbulent depositional losses and tube sizes larger than the optimum have enhanced gravitational
depositional losses.
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Vg

Key
1 particle
flow

3 horizontdl plane

Figure B.3|— Geometric model to illustrate parameters used to model particle deposition|in a
straight tube

A particle-dgposition velocity infubes can be correlated with a particle-relaxation time. Several|semi-
analytical mpdels that lead.toZthis correlation have been proposed. However, at the date of publi¢ation
of this docurpent, none can'predict deposition of particles in the inertial size regime (D, > 1 um) from
basic principfles.

The softwarg Deposition Calculator uses several semi-analytical models to determine depositional Josses
in sample line du€ to gravitational settling, diffusional deposition and turbulent inertial deposition.
The models :Fsed for each type of depositional loss are further refined based on laminar, turbulent and
transitional flow regimes. The laminar gravitation-settling model is based on Reference [49]. For the
case when the flow is turbulent the model developed in References [93] and [94] is used. The turbulent
eddy model, which only applies to turbulent flow, is based on work presented in References [62], [64]
and [68].

B.2.4 Bends
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Particle losses in bends are principally due to the effects of particle inertia where the air flow follows
a curved path and the particles tend to go straight. Neglecting Brownian diffusion, turbulent inertial
deposition and gravitational effects, analyses show that for two-dimensional channels, the penetration
is a function of the Stokes number, St, as given in Formula (B.8):

2
ZC'pw 'Da “Vm
9-u-d;

St (B.8)

where

St is the stokes number, dimensionless;

( is the Cunningham's slip correction for aerosol particles,[3Z] dimensionless;
p is the density of water at 4 °C, equal to 1 000 kg-m-3;

D is the aerodynamic particle diameter, in pm.

a

The apalysis for particle deposition in bends of circular cross-section is ¢complicated by thg fact that the
flow {s three dimensional. A secondary flow is established as the aix.passes through the|bend, where
the sqcondary flow consists of a set of counter-rotating vortices in.which air goes from the inside of the
bend fo the outside of the bend along the tube cross-sectional raditis. Formulae (B.9) and (|B.10) hold:

De = (B.9)
fcu
N (B.10)
dy
wher¢

De  isthe Dean number of a flow bend, dimensionless;
Re  isthe Reynolds number'of flow in a tube, dimensionless;
fd.  is the curvature ratio, dimensionless;

r is the radius ofthe curvature of a pipe bend, in m.

u

Referpnce [86] noted bhat for turbulent flow, when the curvature of the bend, f_,, is betwegn 2,5 and 15,
this quantity has.aésmall effect on particle trajectories and the deposition depends mostly|on St and Re.
Experimentaldata for 90° bends with turbulent flow Reynolds numbers of 6 000 and 10 0P0 show that
the p¢netration’is correlated only with St as given in Formula (B.11):

—-0,963S
&g =1070-7633¢ (B.11)

It should be assumed that the uncertainty in this model increases for Reynolds numbers outside of the
test range. For laminar flow[192], numerically modelled particle deposition in 90° bends and their results
include the effects of secondary flow. They carried out calculations over a range of curvature ratios
and Dean numbers and provided empirical correlations of the results, which show that the efficiency
depends on the Stokes number, the curvature ratio and the Dean number.

In the software Deposition Calculator, a turbulent model of Reference [86] is used for Re > 4 000 and
St > 0,1 while a curve fit of the Reference [86] data for Re = 1 000 is used for all other conditions. This
method is presented graphically as Figure B.4.
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X stqkes number, St = t-U/d
Y trgnsport efficiency, Ppopq
1 Pylng = exp(-2,823 St ¢)
2 Pb)ndz(l'Stqb)
D4ta from Reference [86] for glass and Stainless steel tubes
Re feu ID
o 100 7 0,93 mm(glass
O 1000 5,7 3,95.mm glass
v 1000 5,7 5;03'mm ss
A 1000 5,6 8,51 mm ss
® 6 (000 57 5,03 mm ss
v 10,000 5,7 5,03 mm ss
A 10,000, 5,6 8,51 mm ss

turthident flow fit
fitto Re =1 000 data
——— Reference [27]
e Reference [24], Re=1 000, f., =8

Figure B.4 — Deposition calculator bend model data

B.3 Calculation of sample losses in a transport system

As an illustration of the calculation of particle losses in a transport system, assume the geometrical
configuration shown in Figure B.5 for a system that is designed to sample aerosol particles with a
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D, of 10 pm at a flow rate of 56,6 I'min’! from a free stream that has a velocity of 10 m-s1. Assume a
shrouded nozzle in which the velocity inside of a 52,5 mm diameter shroud is 3 m-s-and the internal
nozzle samples isokinetically from the 3 m-s™ stream (18,2 mm diameter inner probe). Furthermore,
it is assumed that the sampling tube has a 28,6 mm inside diameter (31,8 mm outside diameter with a
1,6 mm thick wall). This leads to the input and output values for the Deposition Calculator code shown
in Table B.1. The overall penetration through the system is 74,3 %, with the losses predominantly
occurring in the 2 m long horizontal tube and the bends.

Dimensions in millimetres

N
7
b
Key
1to6 see Table B.1
7 collector or monitor
a Flow in sta¢Kor duct.
b Flow.fo vacuum source.
NOTE Free-stream velocity, equal to 10 m-s1, is reduced to 3 m-s™ in the shroud.

Figure B.5 — Layout of example aerosol particle transport system
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Table B.1 — Example of using the software Deposition Calculator
to predict aerosol particle penetration through a six-component transport system

Element Penetration through the element?
Number Description %
1 Shrouded probe (RF-2-111): 95,08 (through nozzle)
probe angle with free stream, 0°
2 Tube, 0,2 m long, 90° from horizontal 100,0
3 Bend, 90° 99,70
4 Tube, 2 m long, 0° from horizontal 77,78
b Bend, 90° 99,70
b Tube, 2 m long, 90° from horizontal 100,0

Overall penetration: 73,51

a  (Cdnditions:

— flow rate: 56,6 I'-min-!

— tybe diameter: 28,6 mm

— pprticle density: 1g-cm3

— pprticle size: monodisperse, D, equal to 10 pm

— free-stream velocity: 10 m-s
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Annex C
(informative)

Special considerations for the extraction, transport and sampling
of radioiodine

C.1 |General

Obtaiping samples of airborne radioiodine is complicated because radioiodine is present inj air effluents
in seyeral forms, specifically as particulate matter, as elemental iodine (I,), as iypoiodoyis acid (HOI)
and ip organic form, mainly as methyliodide (CH3l). The existence of the HO}-form is not universally
accepfted, but it is the postulated identity of an otherwise indeterminate form with a deposjtion velocity
lower] than that of elemental iodine and that can penetrate a cadmium iodide bed but is collected by an
iodophenol bed in a species sampler.

Thesg¢ chemical forms of radioiodine, particularly the elemental form, may be expectdd to deposit
initially in ducts and in sampling lines and then subsequently bé pesuspended and emitted as the same
or angther form (see Reference [25]). The organic form is the ledst likely to be deposited and only a small
fractipn of it is collected by some of the solid adsorbents that are used to limit radioiodihe emissions
(see Reference [60]). However, it cannot be ruled out that'during off-normal events the major form of
radiolodine is elemental. Therefore, evaluations of sample transmission under off-normal conditions
shoulf assume that form. Reference [42] summarizes the most recent studies on radioiodiine sampling
and transport and many of the following considerations are based on that summary.

C.2 |Sample extraction and transpert

The cpnsiderations for the extraction‘ef gases and vapour set forth in 7.5 are applicable td radioiodine.
In view of the likelihood that atleaSt some of the radioiodine in an air effluent is attached to|particulates,
all of the considerations applicable to aerosol particles as set forth in the main body of this document
and its annexes also apply to the extraction and transport of radioiodine.

Labotatory studies haveshown that, in the extraction and transport of radioiodine, materifls that come
in conptact with the radionuclide can interact with it (e.g. copper, PVC, Buna-N). These materials should
be avpided. Referenee’ [55] indicated that the preferred materials are PTFE, polyethyleng, aluminium,
carban steel andistainless steel.

Cond¢nsation-of the iodine and water vapour in transport lines should be avoided by hedt tracing the
lines fo atleast 323 K (50 °C) and by avoiding abrupt temperature transitions.

Formtda r|C.11| fromReference [ﬁ] relates—the }quctl atio—=at C\.iuilibl iuxu, ln, the-dimensionless ratio
of the outlet concentration, c,, to the inlet concentration, c;, of radioiodine in transport lines to the
deposition velocity and parameters of the sampling system:

_gval
P=e ‘'md (€.1)
where
P is the overall penetration in a transport system, dimensionless;

2] is the deposition velocity due to the combined effects of thermal (Brownian) diffusion and
turbulent inertial deposition, in m-s;
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L is the length of a section of tubing, in m;
d, is the tube diameter, in m;

1% is the mean velocity over the cross-section of the transport system, in m-s1.

m

From Formula (C.1), it is evident that the penetration of radioiodine vapour is optimized by minimizing
the length of the transport line, L, and using the largest diameter, d,, and the highest flow velocity, v
subject to external constraints (e.g. particle transport, space availability, or collector capacity).

m’

Formula (C.1) does nottake into account radioactive decay or resuspension. The model in Reference [103]
gives an equilibrium relationship that includes these effects see Formula (C 2):

P 1 (C.2)

1+v [ndt L](l/l j
q3 +r

P isthe overall penetration in a transport system, dimensionless;

vq4 isthe deposition velocity due to the combined effects of thermaK{Brownian) diffusion and tur-
bul¢nt inertial deposition, in m-s;

L isthe length of a section of tubing, in m;

d. isthe tube diameter, in m;

q, isthe volumetric flow rate at actual temperatureand pressure conditions, in m3-s1;
r is the resuspension rate, in sl

A isthe decay constant, in s1.

Formula (C.2) suggests that the greater, the resuspension rate, r, the larger the penetration| This
is also illustfated in Figure C.1, where penetration is shown as a function of time and resuspgnsion
rate. Refererce [42], however, indicates-that the resuspension rate of deposited radioiodine decijeases
for each radjoiodine species as afunction of time. The resuspension rates are also dependent gn the
amount of iofline initially deposited, some of which seems to remain firmly deposited. The latter has not
been directly observed by laberatory studies but can be estimated on the basis of an activity bglance
following prplonged observation. Finally, Reference [42] states there is no satisfactory experimental
verification |of predicted. penetration factors under either equilibrium or transient conditions.
However, thq followinggeneralizations can be made from the limited available data, mostly thosg from
Reference [1(3].

A summary pfsampling systems for reactors,[42] indicates that a typical sampling system consists of
a 15 mm diahreter-staintess—steettransporttine-thatisabout 52 mintength-withaflowrateof-about
57 I'min-l. Simulated sample transport lines with a range of similar designs were tested by Unrein et
al.,[194] who measured short-term (on the order of 2 h) penetration factors of 0,62 for injected 1311 (as
[,) through 19 mm diameter by 48 m long tubes. Reference [42] predicted the equilibrium penetration
factor to be about 0,75, with an approximate time of two weeks to reach equilibrium.

With the caveat that the penetration factor was not measured in the tests of Reference [103] until 2 h
after beginning the iodine injection (lower penetration factors might have been found for measurements
earlier in the test sequence), these short-term results provide a conservative estimate of penetration
factors following a stepwise increase of radioiodine concentrations in conventional transport lines. The
equilibrium value provides a conservative estimate for longer-term sampling of normal concentrations.

Much smaller penetration factors were found for a few tests of systems with long transport lines of
6 mm diameter tubing when operated at flow rates of less than 1,7 I‘min-l. Some accident-air sampling
systems used this design to reduce the potential dose at the sample collector by using a low sample flow
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rate and a small-diameter transport line. Tests simulating such systems (see Reference

[103]) show

very poor penetration of the radioiodine to the collector. Consequently, many of these systems were
redesigned to collect a low-flow-rate subsample from a high-flow, large-diameter transport line to take
advantage of its favourable sample penetration from the stack. An example of the effect of flow rate on

the penetration of I, in a small diameter transport line is shown in Figure C.2.

The foregoing applies primarily to the transport of elemental radioiodine and, to a lesser extent, to the
hypoiodous iodide form. It can be assumed that radioiodine in organic forms, with their much lower

deposition velocities is transported with higher efficiencies, so that the assessment from

above turns

out even more conservative. As summarized in Reference [42], the fraction of organic radioiodine

during normal operations appears to be quite variable from facility to facility, and the
rOVi—ln alhacic fonn b oh tlhn ag oo Foaabr o d dbh o £ cilaeyy Affl ot A g ot d ot oo
p MU A UAOIOo 1TTUIIL VVIIICIT LIITC Ul 6”!!1\' ITACUIVIT II1T L IIC lu\,lll\,)’ CIrrucTIiituur l116 daculIivuvTIiit vuIlr

estimfated. At the start of the accident conditions the predominant form will be elemental’o

An example for a code modelling iodine losses in transport systems is Astec/Sophaéros
models for losses due to physical phenomena (condensation, sorption), chemigal’reactio
ioding particle losses. Models and examples are described in Reference [12].

C.3 |Collection media for radioiodine

Whilg carbon is an efficient collector of I,, it is much less effigient for iodine isotope
comppunds which have a low deposition velocity. Referencé\ [61] has indicated that
mechpnism of elemental iodine on carbon adsorbents is primarily by physical absorpti
removyal of hydrogen iodide (HI) is by physical absorptiongchémical reaction and isotopic e
removyal of organic iodides such as CH,l is by isotopic exchange. To improve the latter pr
filter [media treated with potassium iodide (KI) or'triethylenediamine (TEDA) should
Packdges with different types of adsorbents in seriesiare available for the collection of rad
separption by chemical form.

data do not
itions can be
I particulate.

). It includes
hs as well as

s in organic
the removal
bn, while the
kchange. The
cess, carbon
be utilized.
oiodine with

3) Contact address for Astec/Sophaeros code:
IRSN/PSN-RES/SAG

CE Cadarache

Bat 702

13115 Saint-Paul-lez-Durance CEDEX

France
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Figure C.1 — Predicted penetration of radiojodine as a function of time
for various resuspension'rates
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Figure C.2 — Predicted initial radioiodine penetration through a stainless steel transport line
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Annex D
(informative)

Optimizing the selection of filters for sampling airborne

Filters are po

radioactive particles

rous structures with controlled external dimensions, such as thickness and cross-sectional

area normal
because of it
which includ
gravitationa
minimum co
this size, filty

due to Browmian diffusion.

A common n]
pore size of

occurs by a d
be very effic

filters show mo serious degradation of collection efficiency until the' pore diameters exceed 5 um. |

with a 5 um
pore-size filt

Many filter
References
structures o
to be selectiv

If a sample i3
a filter medi
In other cas
imbedded in
from airborry
estimating o
alpha spectr

Decisions on
continuity b
performance
documentati

to the flow. Filtration is the most widely used technique for collection of aerosol pat
5 low cost and simplicity. Filters capture particles by a combination of physical-prec
e direct interception, inertial deposition, Brownian diffusion, electrical attractio

sedimentation. As shown in Figure D.1 (from Reference [63]), filters typically h
lection efficiency for particles that are approximately 0,1 pm to 0,5 pm.if-diameter. 4
ation efficiency increases due to inertial impaction and below this size, efficiency inc

isconception is that filters act as sieves and that there is a direet'relationship betwee
h filter and the minimum particle size that can be collectedi/n reality, because collé¢
omplex combination of mechanisms, filters with nominalpore sizes larger than 1 p
ent collectors of sub-micrometer particles. As demonstrated by Reference [66] mem

pore size are often preferred because they resulpin lower pressure drops than si
ers yet retain high efficiency values.

media are available for use in the collection of aerosol particles (see for ex
69] and [67]). Materials include cellulose, glass, quartz and plastic fibres. Sin
f metals or mineral particles are used for'high-temperature filtration. Users are caut
e in their choice of filter media.

being separated from the filter'for a particular analytical method, the user should
hm that can be easily dissolved by a method that does not attack the particles of inf]
s, it is imperative that_theé sample be collected on the surface of the filter rather
the filter. Reference [50] has demonstrated that absorption of alpha radiation en
e particles collected on glass-fibre filters does not constitute a major source of er
oncentrations of. airborne alpha-emitting radionuclides, but the excellent resolut
bscopy requires-the use of membrane-type filters that are front-surface collectors.

changingtthe filter media should include considerations such as the potential 1
etween-historical and future sampling results, potential impacts on vacuum-sj
, requirements for analyser retesting, requirements for revision and approv
pn, retraining requirements for workers and potential impacts on secondary uses

filter sample
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5, such as periodic chemical analyses for process control. However, some filter medi

h date

back many decades and their continued use is not justified simply because of historical precedents.

Table D.1 summarizes the type of information that is useful for selecting an appropriate filter for
sampling airborne radioactive particles. This table includes a variety of coarse-fibre, glass-fibre and
membrane-type filters, but does not constitute an endorsement of any particular manufacturer or
filter type. Conversely, the absence of any particular filter from the example table does not constitute a
rejection of that medium. For general sampling applications, information is provided on durability, flow
resistance and efficiency. Information related to the collection of radon decay products and the energy
resolution for alpha spectroscopy is included for alpha continuous air monitor (CAM) applications. The
alpha spectroscopy resolution is based on detection of the 6,0 MeV alpha emission of 218Po (a naturally-
occurring decay product of ambient 222Rn, which causes interference in instruments used to detect
plutonium or uranium isotopes).
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Figure D.1 — Schematic of filter efficiency versus particle size illustrating the djfferent
filtration'regimes

Filter|efficiencies range from >99,999 % at all particle sizes and flow rates for the Millippre type AA,
0,8 um pore size membrane filter to 350'% for the Whatman 41 cotton cellulose filterf at low flow
rates|and small particle sizes. Typical flow rates range from 4 I-min-l.cm2 at 35 kPa pressure drop
for thie Millipore Type AA membrane filter to 59 I‘min-cm2 for the Millipore Fluoroporg, 5 um pore-
size polytetrafluoroethylene (RTFE) membrane filter. Resolution for alpha spectroqcopy of the
218pplalpha emission at 6,0 MeVranges from as low as 350 keV (full width at half maximum) for the
Fluorppore 3 um PTFE membrane filter to greater than 1 500 keV for the Whatman 41 cotton-cellulose
fibre filter. The poor resohition associated with the Whatman 41 filter makes that filter unsuitable for
use i continuous air@monitors that are employed to detect plutonium or uranium in th¢ presence of
ambi¢nt radon decdy products. In addition, although the Whatman 41 is easily dissolved|for chemical
analypes, it has a 6ollection efficiency that decreases dramatically at low flow rates. The Fluoropore
filterg have a<very low pressure drop, good collection efficiency and excellent resolution for alpha
spectfoscopy, but are not readily dissolved for radiochemical procedures. The selection |of the larger
pore b pur Fluoropore filter over the 3 pm pore option provides a substantial improvement in flow rate
with pnly a modest decrease in sampling efficiency and resolution for alpha spectroscopy. Table D.2
provides other information useful for the selection of sample filters.

As new filter types become available, comparisons such as these can be made by the user to ensure that
appropriate filter types are selected for sampling radioactive aerosol particles.
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Table D.1 — Characteristics of filters evaluated for use in sampling radioactive particles
(adapted from References [53] and [72])

Filter type Filter composition Typical | FWHMP | Relative Relative Filter
and durability flow rate? | ofthe |radon prog- radon efficiency
I'minl.cm?| 218Po | eny counts | progeny range®
peak inthe Pu | collection %
keV ROI¢ efficiencyd
Millipore type Mixed esters of
SMWP (5,0 pm cellulose acetate and 981 to
pore size), Milli- | cellulose nitrate (frag- 16 670 1 1 >9'9 99
pore Corp., Bed- ile; electrostatic; both !
ford, MA sides identical)
Millipore typp Homogeneous, micro-
AW19 (5,0 u porous polymers of
pore size), Millli- cellulose esters formed 16 470 057 099 + 0.07 99,93 to
pore Corp. around a cellulose web ’ Y« >99,99
(rugged; both sides
identical)
Durapore (5,0 pum |Polyvinyldiene fluoride
pore size), Millli- (rugged; both sides 14 790 1,55 0,67 +0,1 —]
pore Corp. identical)
Fluoropore Polytetrafluoroeth-
(3,0 um porejsize), |ylene (PTFE) bonded
Millipore Corp. to polypropylene
high-density fibers 98 2lto
(rugged; front is mem- 23 350 0,47 1,04 £ 0,02 ’
.o >99,98
brane; back is fibres;
sides barely distin-
guishable by naked
eye)
Fluoropore Polytetrafluoroethyl-
(5,0 um poreJsize), |ene (PTFE) = — — — —
Millipore Corp.
Versapor 3 000 Acrylic copolymer on
(3,0 um porejsize, |anylon fibre support 99,7 [to
Gelman Scienjces, |(rugged; both sides 25 590 0,94 0,75+0,02 >99,99
Ann Arbor, Ml identical)
Gelman typeA/E |Borosilicate glass fibre
(~1,0 pm porg without binder (break- + 99,6]to
size) Gelman able during handling; 25 21000 131 0,92£0,01 >99,99
Sciences both sides identical)
a2 Flow rate fletermined‘Gnder vacuum at 35 kPa.
b FWHM is the #§pical full width at half maximum of the 218Po peak obtained with a 2,5 cm diameter filter and a 2,5 cm
diameter solid| state detector with a 0,5 cm separation distance during sampling of room air at Lovelace Biomedjcal in
Albuquerque, NM:
¢ Radon progeny background counts in the Pu ROI for the filter of interest, divided by similar counts obtained
simultaneously on a Millipore SMWP filter.
d  Total radon progeny background counts on the filter of interest, divided by similar counts obtained simultaneously on
a Millipore SMWP filter. Mean and standard uncertainty for five replicate tests.
¢ The range of filter efficiency values given generally corresponds to a particle diameter range of 0,035 pm to 1 pm, a
pressure drop of 1 cm to 30 cm Hg, and a face velocity range of 1 cm-s™ to 100 cm-s™L. Values are from References [69], [51]
and [52].
NOTE There are several trade names mentioned in Tables D.1 and D.2. This information is given for the convenience of
users of this document and does not constitute an endorsement by I1SO of the products named.
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Table D.1 (continued)
Filter type Filter composition Typical | FWHMP | Relative Relative Filter
and durability flow rate? | ofthe |radon prog- radon efficiency
I'minl.cm?2| 218Pg | enycounts | progeny rangee¢
peak inthe Pu | collection %
keV ROI¢ efficiencyd
Whatman Borosilicate glass mi-
EPM 2 000, What- |crofibre without binder
man LabSales, (breakable during 20 >1 000 1,48 1,00 £ 0,03 —
Hillsboro, OR handling; both sides
identical)
Whatiman 41, Cotton-cellulose filter
Whatman Lab- paper (rugged; current-
Sales ly used primarily for 25 >1 500 1,65 0,42 ¥0,01 || 43t0>99,5
liquid filtration; both
sides identical)
Nuclgpore (0,6 pm |Polycarbonate mem-
pore §ize), VWR  |brane (rugged; thin;
Scientific, Pleasan- |very electrostatic;
ton, GA currently used primar- 4 500 689 | 0,85£0,02 |[53t0>99,5
ily for liquid filtration;
collection side recom-
mended by manufac-
turer is the shiny side)
Milligore type AA |Mixed esters of cellu-
(0f8-pm pore size), |lose . 99999 to
Milligore Corp. (fragile; electrostat- 7 520 0,91 1,05 + 0,01
; . o >99,999
ic; collection side is
darker)

Albugperque, NM.

simul

a2 Flow rate determined under vacuum at 35 kPa.

b FWHM is the typical full width at half maxirium of the 218Po peak obtained with a 2,5 cm diameter filt
diamdter solid state detector with a 0,5 cm/Separation distance during sampling of room air at Lovelacg

¢ Rpdon progeny background couritsiin the Pu ROI for the filter of interest, divided by similar cd
aneously on a Millipore SMWP filter.

d T
a Mill
e T
press
and [

NOTE
users

tal radon progeny backgreund counts on the filter of interest, divided by similar counts obtained sim
pore SMWP filter. Meamrand standard uncertainty for five replicate tests.

he range of filter effieiency values given generally corresponds to a particle diameter range of 0,035
re drop of 1 cm_ to 30°cm Hg, and a face velocity range of 1 cm-s™ to 100 cm-s™L. Values are from Refer
2].

There are,several trade names mentioned in Tables D.1 and D.2. This information is given for the
pf this decument and does not constitute an endorsement by ISO of the products named.

br and a 2,5 cm
Biomedical in

unts obtained

ultaneously on

um to 1 um, a
bnces [69], [51]
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Annex E
(informative)

Evaluating the errors and the uncertainty for the sampling of
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ror in the determination of a quantity, such as the amount of radioactive substance
k or duct during a certain period, can be defined as the difference betwegnits acty

ating or qualifying a measurement procedure or instrument against standards, physi
entific laws. In most situations the upper and lower bounds of uncertainty limit

A uncertainty) and systematic uncertainties such as, for example, model assumpt
tainty, or bias). For a measurement a determination of theldimits of uncertainty is|

ple stack-effluent measurement system, such as a filterair sampler (FAS) connected b
b a nozzle, is used to illustrate a typical effluent measurement process. To estimatg
ioactive substance emitted from a stack, a saniple of the effluent is extracted, tray
tion medium and collected. It is further necessary to quantify the collected materi

or estimate the effluent flow rate, the area‘of the sampling plane, the sample flow ra
mission, the mixing ratio of constituents’in the duct, the sample transport penetratio
tion efficiency and the analysis efficiency.

sampling and analysis processes contribute both systematic uncertainties
tainties to the overall uncertainty in the estimated activity. In the case of the exti
neters and instrument cdlibrations, both systematic uncertainty and Type A unce

rly and completely combines both sources of uncertaintysee References [2] and [8]).
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itput or measurediresponse is observed. The systematic uncertainty is determined b
ean value fromthe expected standard response and Type A uncertainty by the ran
output. In ¢ther elements, such as the nozzle inlet or transport line, calibration is
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neterSysuch as the area of the sample-extraction plane, the degree of mixing of con
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The systematic uncertainty that remains embedded in the predetermined parameter or calibrated
device elements is not fully known in a particular application. Bounds can be placed on the embedded
uncertainties. The random components of the combined uncertainty arise during the calibration . They
are estimated by the standard deviations of the variable measurement components, such as the sample
flow rate or the activity in the sample. Such standard deviation estimates are derived from the data
alone without external reference.

E.2 Uncertainty estimation related to the emission of a radioactive substance

Regulatory limits on radionuclide emissions are generally stated in terms of limits on the resultant
dose per year to members of the public. It is therefore necessary that a facility sampling and
measurement system generates accurate and reliable estimates of quantities emitted in a given
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sampling interval that can then be inserted into models for environmental transport and dose

estimation. The average activity emission rate over the period of integration, A (becquerel per second),
related to a radionuclide that is being transported out of a stack or duct can be represented as given in

Formula (E.1):

A=c,-v A (E.1)
where
A is the activity emission rate of a radionuclide averaged over the period of integration, in Bq-s;

Cp is the effluent activity concentration of a radionuclide, in Bq-m-3;
is the mean axial velocity over the cross-section of the transport system, in mes:1;
A is the cross-sectional area of a stack or duct, in mZ2.

The first faqtor in Formula (E.1), ¢4, the effluent activity concentration, is detérmined by aqtivity
measuremer]t, measured sample volume and constant parameters of t¢he system, as given in

Formula (E.4):

cp= n (E.2)

Va-P-feo€-&q

where

cy  isthe effluent activity concentration of a radioniclide, in Bq-m3;

is the net count rate of the sample, in s1;

v, is the volume of effluent that produced-the sample at actual conditions, in m3;
P is the overall penetration in a transport system, dimensionless;

/- is the ratio of the activity goncentration in the sample volume to the effluent activity cqncen-
tration in the free stream, dimensionless;

& is the collection efficiency of the collection medium, dimensionless;
gq  Isfhe detectionefficiency, dimensionless.

The second factor of ¥dormula (E.1), v, is the average effluent flow velocity, typically determined by
pre-operatiopal measurements along traverses across the duct. Other methods and devices can b¢ used
such that negr:real-time data for v, are obtained.

In ISO 10780, the mean axial velocity of the effluent is computed from the results of multiple velocity
determinations, one at each subsection of the cross-sectional area over the sampling plane. This
determination is made before and during start-up operations and not during normal operations. The
relation between v, at a particular location and the actual parameters measured with a Pitot tube is as

given in Formula (E.3):

2-A
Vi =V-€080 =Cy) ¢ -COSO- P (E.3)
Pa
where
Vi, is the mean axial velocity over the cross-section of the transport system, in m-s1;
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Cealpt is the Pitot calibration factor, dimensionless;

Ap is the differential pressure, in Pa;

Pa is the gas density in the stack or duct determined from measured static pressure, molar mass
of the gas and temperature, using the equation of state, in kg-m3;

0 is the flow angle, in rad or degrees.

The last factor of Formula (E.1), the flow cross-sectional area, 4, is also predetermined from blueprints
or from measurements across the stack or duct. That area is divided into equally sized subsections for

purpgses of mp:\cnring an-average axial vn]nr‘ify

The stack or duct emission rate, A (becquerel persecond), is calculated by combining Formuilae (E.1), (E.2)
and (E.3) as given in Formula (E.4):
2-Ap
i A~Ccal'pt-c059- /T
A=r - =r -w (E.4)
Vo P f & &
whereg
A is the activity emission rate of a radionuclide.averaged over the period of|integration,
in Bq:s;
rf is the net count rate, in s1;
A is the cross-sectional area of a stack.or,duct, in m?;
Claipe  is the Pitot calibration factor, dimfensionless;
Ap is the differential pressure;in-Pa;
p is the gas density in the stack or duct determined from measured static pressur¢, molar mass
of the gas and temperature, using the equation of state, in kg-m-3;.
0 is the flow angle, ini rad or degrees;
W, is the volumie-that produced the sample at actual conditions, in m3;
P is the©verall penetration in a transport system, dimensionless;
fd isithe ratio of the activity concentration in the sample volume to the effluent actfivity concen-
tration in the free stream, dimensionless;
£ is the collection efficiency of the collection medium, dimensionless;
&4 is the detection efficiency, dimensionless;
w is the calibration factor, dimensionless.

Formula (E.4) is the mathematical model of the emission measurements.

E.3 Quantifying uncertainty

E.3.1 Stack or duct emission measurement uncertainty analysis methods

An emission release rate is a function of a large number of measured parameters as contained in
Formula (E.4). A basic analysis of uncertainty can be carried out under the assumption that the
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distribution of Type A uncertainties is almost normal, this is valid for most, but not necessarily all, of
the related quantities.

E.3.2 Combined uncertainty associated with the measurement process

An uncertainty analysis of the measurement processes that take place either in the pre-operational or
operational phases has been developed. Each of the terms in the emission model has been examined and
expanded as appropriate. This is a recommended approach that may be more fruitful than attempting
to formulate a comprehensive and complex analysis. The total emission rate from the stack or duct is
calculated from activity measurements of a continuously taken air sample extracted from a qualified
sampling location, and other measurements of parameters in the emission equation. The combined

uncertainty Wmmﬁwwwﬁ#ﬂtmmﬁF&WWWmmtion
p1]).

(Reference [§

E.3.3 Uncertainty associated with bias
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mponents of systematic uncertainty in an emission measurement can bexcombined inf
hg the method given in Reference [4]. These components can be classified as caliby
stimate, and design and test systematic uncertainties for componénts such as nozzlg
es.

ation,
s and

ion systematic uncertainty represents the overall calibrdtion uncertainty, combining
both systematic uncertainty and random uncertainty, €hat accrue during calibratjon of
or devices. This is typically the residual systematiciuncertainty remaining after [gross
hcertainty is zeroed out (up to an acceptance limit) during calibration. In some caseg, it is
manufacturers as the accuracy limit of the calibrated scale or readout device.

A and
hction
nately
fainty

er systematic uncertainty represents the overall uncertainty (again combining Type
tainties) that is derived from field and laboratory determinations of sample-extr4
such as the degree of particulate mixing, f,, or mean profile velocity, v ,, that ultin
1s a single value to estimations of stack or duct emissions. Other systematic uncer
5 related to sampling location effects’are treated separately below.

nd test systematic uncertainty term results from residual uncertainties in the prjocess
 qualification of sampling'noezzles and devices that are engineered from first pringciples
pl factors, and then manufactured and tested to confirm that certain perforrhance
cs, such as nozzle-inlet penetration efficiency, have been met. Such a critical performance

characterist
an acceptand
with tracer n

c is specified by amraeceptable range for a given set of operating conditions, and there is
e limit on deviation between the design performance and the result of confirmatior] tests
haterials.

The combindd systematic uncertainty limit serves the same purposes for the systematic uncer
as does the fwo-standdrd-deviation random uncertainty estimate. It can be combined with the
confidence limit,estimate of the Type A uncertainty component in calculating the overall uncer
of measurement."A full uncertainty analysis entails a careful consideration of the many sour
uncertainty an senerate-anover

fainty
95 %
fainty
ces of

The Table I.1 guidance levels for acceptable accuracy and precision of measurement require evaluation
of factors that can contribute uncertainty to components of the system. Without detailed analysis, it
can be difficult to demonstrate that estimates are reasonably complete and defensible. The discussion
in the remainder of this annex is meant to provide a framework for an evaluation of uncertainty in
an effluent measurement based on an analytic expression relating radionuclide emission to variable
parameters in the measurement, and on residual systematic uncertainty and implicit uncertainty
inherent in the methodology of continuous emission monitoring from a single point.

It is worthwhile to reflect here on what interpretation should be given to the “true value” of the
measured effluent-radioactive-substance emission rate by the single-point representative sampling
method. The fact that flow and mixing parameters are averaged over the profile implies that the
intended “true” emission rate is the “conceptual value” at the sampling location, i.e. that the area-
averaged emission rate of radioactive substance from the stack or duct based on the axial locations of
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the nozzle(s), assuming that the installed instrumentation does not disturb either the concentration
or the flow distributions and that the pre-operational measurements of critical parameters, i.e. v,
P, V, and f,, properly reflect sampling under operational conditions. The conceptual value shall be
distinguished from the “available value”, which is the emission rate estimated only at the axial location
of the nozzle(s), without assumptions about disturbance, mixing or how representative the parameter
estimates are. Because it is the well mixed, mean effluent radioactive substance emission rates that are
of interest, the effects of the non-uniform distribution of velocity and contaminant mal-distribution
shall be added to the list of sources of uncertainties, and uncertainties in the correction factors that
account for the non-uniform distribution shall be considered. The estimation of the true emission
rate (the conceptual value) depends on parameters measured at other times, under possibly different
conditions, and with test aerosol particles and gases rather than the actual radioactive contaminants.
So it {STevident that the uncertainty i the resuit of a Single-point sampie depends on cqnsiderations
other|than explicit operational or pre-operational measurement uncertainties.

E.3.4] Uncertainty associated with conceptual systematic uncertainty

E.3.4]1 General
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E.3.4.

3 Model systematic uncertainty

There are a number of simplifying model assumptions implicit in the representation of continuous
emission monitoring by extractive sampling from a single point. Among these are that the contaminant-
transport processes in the sample nozzle and line are well represented by semi-empirical models (see
Annex B), that the measured uniformity of the velocity profile and degree of mixing at the stage of
site qualification continue to apply during operations (a pattern assumption), and that the activity-
measuring process is well represented by the single-parameter sample collection and radiation-
detection efficiencies. To varying degrees, model-based assumptions might not be fully correct for a
particular application. Again, a judgment is required to assign an estimate to this uncertainty term.
Both the temporal variation uncertainties and model systematic uncertainty can be combined with
other fixed uncertainties arising from various measurements in generating an overall systematic
uncertainty limit estimate.
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The user is advised to become very familiar with the assumptions and limitations of the models used
to optimize sample-transport-line design to ensure that special provisions properly take into account
the deposition of highly reactive species, particle bounce or resuspension from previously deposited
materials. The same applies to models of other aspects of the sampling and measuring process. The use
of computational modelling aids should be viewed as a part of a larger process of design and evaluation
that should include data from laboratory studies, findings in the peer-reviewed literature and field
testing.

E.3.5 Describing the combined uncertainties in emission measurement

The last step of an uncertainty analysisis bringing together the 26 random uncertainties into a combined
estimate of gverattuncertaimty stated- i terms of theemissiomrestinmate; 4; theestimmatedumncertainty

limit of the effluent measurement (from References [2], [3] and [8]), as given in Formulae (E.5}to|(E.7):

u? (A) =2 (r )-w2 + rf P (w) (E.5)

n
where

u(A_) ik the standard uncertainty of the activity emission rate of a radienuclide, in Bq-s1;

r ik the net count rate, in s1;

n
w i the calibration factor, in s;
u(r,) ip the standard uncertainty of the net count rate, incs;’;

u(w) i the standard uncertainty of the calibration factor, in s-1.

For this docyiment, the calibration factor, w, is interpreted to include many sources of Type A ertor as

shown in Formula (E.6).

2
2 L (w)

ur (W) = 2 =

w

2 2 2 2 2

={ir (A)+ur (Cearpe ) +ur @)y (p)+ur (Vy)+ (E.6)
2 2 2 2
Tur (P)+ur (fc )+ur (gf)+ur (gd)
where

u.(w) is the relative standard uncertainty of the calibration factor, dimensionless;
u.(A4) is therelative standard uncertainty of the cross-sectional area, dimensionless;

U(Ceqy pt) Gs the relative standard uncertainty of the Pitot calibration factor, dimensionless;

u.(p) is the relative standard uncertainty of the pressure, dimensionless;

u.(p) is the relative standard uncertainty of the gas density, dimensionless;

u. (V) is the relative standard uncertainty of the volume at actual conditions, dimensionless;

u.(P) is the relative standard uncertainty of the overall penetration in a transport system,
dimensionless;

u.(f) is the relative standard uncertainty of the ratio of the activity concentration in the sample

volume to the effluent activity concentration in the free stream, dimensionless;
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u.(gf) is the relative standard uncertainty of the collection efficiency of the collection medium,
dimensionless;
u.(eq) is the relative standard uncertainty of the detection efficiency, dimensionless.

And finally, when a coverage interval is desired, the expanded relative uncertainty is given by

Formula (E.7):

Uy (4) = 2-u, (4) (E.7)
where
uj, kzz(ff) is the relative standard uncertainty of the activity emission rate of a radionuclide repre-

senting the coverage interval at 95 % (k = 2), dimensionless;

clide, dimen-

L (4)

is the relative standard uncertainty of the activity emission ratéofa radionu
sionless.

E.4 |Evaluation of uncertainties

E.4.1 General

prms can be
ponding to a
bly small and

Accor
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20 inf
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ding to Reference [19], estimates of the magnitude of most of the uncertainty t
ibed at least to the level of what is attainable at the 95 % confidence level (corres
erval for random variables). Many of the uncertainties considered above are relativ
bllable by good practice. Others require more-tareful consideration.

E.4.2] Uncertainty in sample volume, stack or duct area, and transmission efficiency

understood.
perature. As

Uncefftainty in sample volume, V, and stack or duct area, 4, are generally small and well
Samp]e volume measurement is readily'accomplished and corrected for altitude and tem

descrfbed in ].3.3, the accuracy of the.measurement of the sample flow (and hence sample
a flow meter should be periodically checked with a secondary standard flow meter, an
maintained to less than 10 %of'standard. Expanded uncertainty with a factor of 2 ¢ in the
shoulf be achievable.

The dross-sectional area-of the effluent flow at the sample-extraction location should
ascerfained from engineering drawings of the effluent stack. Systematic uncertainty ass
this determinatiofi'should be much less than 2 %.

Sample-transpert-line penetration in the case of particulate effluent is harder to estimatsg
characteristics of the aerosol particles being sampled cannot be fully described in advan
the prtlcle 51ze characterlstlcs of many types of radloactlve aerosols have been studled

bolume) with
1 differences
order of 5 %

e accurately
ociated with

because the
ce. Although
(see Annex G

S a terl(HEPA filter)
failure and assoc1ated unlque aerosol partlcle size dlstrlbutlons ex1st Nonetheless an estlmate of the
magnitude of uncertainty in this parameter can be made. The estimate may be based on in-place tests
with particles of either conservative or realistic size characteristics. The estimate may also be obtained
with the aid of suitable particle-penetration models (see Annex B) and appropriately varied parameters.
It is expected that a proposed transport line for a sampling system is designed for optimal performance
using a conservative assumption, for example, 10 pm monodisperse aerosol particles. A conservative
design establishes the lower limit of penetration because polydisperse aerosol particles with an equal
or smaller geometric mean have greater transmission efficiency. So, in the case of the system analysed
in Table B.1, the range of possible transmission efficiencies for particles having a D, smaller than 10 pm
exceeds 74,3 %. In cases where additional data about the relevant size distribution (e.g. activity size
distribution) are available, the test or design aerosol particle size may be selected accordingly.

For example, assume that there is a polydisperse log-normal distribution of particle sizes with an
average activity median aerodynamic diameter (AMAD) of 1,8 um and o, = 2,2, like that found in a
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research and development facility glovebox line by Reference [35]. Further assume that the model
predicted transmission efficiency for the fictional sampling system is 94,2 %. For uncertainty analysis
purposes, suppose the aerosol particles actually encountered in an accident effluent is more like the
fabrication facility average size distribution reported in Reference [35] (AMAD of 4,0 um, o, = 1,7).
Then, the predicted transmission efficiency can be 85,9 %, a relative difference of 8,8 % compared with
the 94,2 % estimate. The average predicted deviation using a range of size distribution parameters
from four other plutonium handling facilities included in their study was 7 %. A 15 % estimated 95 %
confidence level uncertainty relative to predicted performance and assuming a realistic aerosol particle
size distribution appears to be attainable.

These estimates are summarized in Table E.1.

E.4.3 Uncertainty in velocity measurement parameters

Uncertaintiep in the determination of velocity at each equal-area location in a profile are-summarized
from Referemnce [19] in Table E.2, assuming that an S-type Pitot tube nozzle is used.cHere, as for the
parameters In Table E.1, attention to the details of the design and operation of thetardware in use is
required.

Table E.1 — Uncertainty in sample volume, stack or duct area
and transmission line efficiency

Parameter Uncertainty
%
Sample volume 2u (V)/V %100 % +5
Stack or duct area 2u.(A)/A x 100% *2
Transmission line efficiency 2u,(t,)/1, %100 % +15

Table E.2 — Velocity measurement parameter errors

Parameter Uncertainty
%
Pitot calibration 2u,(Ceqy pry/Cearpr % 100 % *1
Flow angularity 2tan(0)ug x 100 % +8
Differential pressure 2u.(Ap)/Ap x 100 % 14

E.4.4 Uncertainty in measurement parameters

Measurement of activity in'asample can be either an on-line process in a continuous monitor or an off-line
process in a lpboratorpysIh all systems, detector efficiency and sample capture efficiency parametefs can
usually be wlell defined. Detector efficiency is typically determined by comparison against a trgnsfer
standard traceable“to the governing national institute of standards and measurements. Uncertainty
can be held tp@minimum (1 % to 2 %).

Type A uncertainty in the counting process and associated background-interference variability are
the largest contributors to this uncertainty. However, bounds can be put on this uncertainty by careful
planning.

In most circumstances, a relative 95 % confidence level uncertainty of 5 % to 10 % appears to be
attainable by adjustment of sample and background count times. But in practice this might not always
be possible due to the unrealistically long count intervals that can result.

E.4.5 Methodological bias

Turning now to the implicit methodological or conceptual uncertainties, there is a large component of
engineering judgment required to assign values to these, but bounds can be placed on the estimated
uncertainty.
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The uncertainty associated with the sample-withdrawal location, for example, can be estimated by the
measured coefficient of variations in the mixing of tracer gas and tracer particles that are required
as part of qualifying a sample-extraction location for continuous-emission single-point sampling and
monitoring. Based on limited studies, it appears that a 95 % confidence limit systematic uncertainty of
Ogrg equal to 10 % is attainable, and in any event it should be much less than 20 %.

Uncertainty associated with changes in effluent emission conditions over time are difficult to predict. If
mixing elements installed in a stack or duct are employed to ensure complete mixing, then an estimate
of the 95 % confidence limit on uncertainty due to time varying effects on the order of 61 equal to 2 %
to 4 % appears to be reasonable.
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bute least to the total. The uncertainties in the sample-transport-line efficiency,
mission mean-axial-velocity, u(v,,), (16,2 %) terms,contribute the most. The resultg
tainty, as given in Formula (E.8), is on the order;¢f23 %.

A

)+ \/(0,055)2 +(0,05) +(0,02)* +(045)" +(0,162)° x100 = +23

stimate should be understood as andndication of what can be attainable based on the
rming the measurement procedures'carried through the analysis. Differences in the wj
velocity is determined, improvenients in reducing uncertainties in volumetric flow 1
etter potential transport-line:loss estimation can be possible in some cases, as can 1
certainty in certain profile “pattern” parameters, such as any of the statistics descy
sampling plane.

Correlated uncertainties

eparablesDhe uncertainties are not separable in all cases. The transport efficiency
tion efficiency, €, are dependent upon the flow rate. In some cases, the detection
dent on the flow rate.

cp), (5,5 %),
y, u(A), (2 %)
u(e), (15 %)
nt combined

(E.8)

assumptions
ay that mean
heasurement
reductions in
ibing mixing

nalysis inftthis annex to this point has been based on the assumption that the yincertainties

&1, and the
efficiency is

Based

on the uncertainty analysis of the emission rate given in Formula (E.4), it may be concluded that

the intrinsic uncertainty of the flow-rate can be ignored, but not its extrinsic or correlated uncertainty.

The transport penetration is dependent upon the flow rate. If the transport penetration is high (>90 %)
for all particle sizes, flow rate changes of 10 % or less can have little effect on the transport efficiency.
When the transport penetration is lower, small changes in the flow rate can greatly affect the transport
efficiency for some particles sizes. These changes should be empirically determined or calculated using
a code such as Deposition Calculator. A similar relationship for particle collection can be developed, for
which the same correlated uncertainty arguments apply.

The detection efficiency can be affected by the flow rate if detection is dependent upon geometry and
the geometry is collection-dependent. A simple example is alpha-particle detection on a filter. If the
collection of large, high-activity particles takes place primarily near the edge of the filter and, therefore,

©1S0 2023 - All rights reserved 63


https://standardsiso.com/api/?name=caf4b1206e007333fdc1b39f415b9a3e

ISO 2889:2023(E)

the edge of the detector, then the detection efficiency for these particles is diminished. The flow-rate-
correlated uncertainty should be determined.

Flow-rate-correlated uncertainties in these cases are further dependent on the particle-size
distribution, i.e. the effect of a few large particles can be quite small, while for a significant number of
large particles, this effect can dominate.
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Annex F
(informative)

Mixing demonstration and sampling system performance

verification

F1

F1.1

At lea
with {

F1.2

F.1.2.
Meth

F.1.2.

To te
samp
neces
be us
Cross
each

introdluction should be at the centrie and near the wall (within 20 % of the diameter from t

deros

The ¢
8 um
assoc
distri
accor

If, in
test f

Mixing demonstration methods

General

st two methods have been used to demonstrate the state of mixing of thepotential g
he effluent air stream. They are described in F.1.2 and F.1.3.

Method 1

[l General

bd 1 was developed specifically to assess conformancewith 6.3.

P Tracers

5t for contaminant mixing, the tracer should*be introduced as far upstream as pd
ing probe, yet downstream of feeder duets; fans and air-pollution-abatement equip
sary that a stack or duct be tested for bth particles and gases, the same injection lo
ed for both tracers. The gaseous tracer should be introduced at five or more locatio
section of the air stream. For aectangular duct, the injection should be at the cen
orner (at or within a distance of'25 % of a hydraulic diameter from a corner). For aro

pl particle tracer may be introduced at only one location, located at the centre of a stz

egree of mixing for(particles should be tested with particles having a diameter,
and 12 pum, or largenif there can be a significant fraction of the aerosol particle ma
jated with sizes%arger than a D, of 10 pm. In cases where additional data about the
pution (e.g. aetivity size distribution) are available, the test aerosol particle size ma
dingly.

hiny foreseeable circumstances, only gaseous contaminants can be present, it is not
r particle tracer uniformity:.
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an adequate

signal at the extraction point. The method of detection and its detection limit are the important
considerations in the amount of material introduced. Sufficient material should be introduced to
allow detection after dilution in the effluent stream. Examples of methodologies for obtaining data on
velocity, tracer gas and aerosol particle profiles are given in References [39], [44], [89] and [73].

Tracer uniformity measurements should be conducted at the location of the sampling probe using the
measurement grid developed in F.1.2.4.

F.1.2.3 Measurement conditions

The tests should be conducted while the stack or duct flow rate is approximately the same as the
expected normal flow rate. If the stack or duct flow rate is expected to vary more than 25 % from the
mean, then the tests should be conducted at the flow rate extremes.
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It is essential to establish with confidence that the location chosen for sample extraction is based
on demonstrated complete mixing using the above methods and that the location continues to meet
the mixing-performance criteria if air flow conditions change relative to those at the time of testing.
Historical records of effluent flows may be used to provide evidence of extremes (high or low) of flows
that can be encountered in a stack or duct . Calculations of expected flows under accident conditions or
very different operating modes may be based on documented engineering judgment. Mixing under flow
rates that are considerably different from normal may be substantiated by tests with models or field
testing of the stack or duct. Under most conditions, changes in the effluent flow rate does not significantly
affect the mixing. In general, if the flow rate increases, acceptable mixing is not jeopardized. However,
if the flow rate were reduced to the point where the Reynolds’ number becomes much less than 10 000,
there can be a major degradation in the mixing effectiveness. This event is generally possible only with
a stack or dupthaving a very Smatt cross-Section, SUCh as a tank vent. if this 15 possibie, the flowsystem
should be mqdified to preclude the onset of near-laminar conditions.

F1.2.4 Measurement points

It is convenlent to use the same measurement points for the flow angle, air velocity and tracer
concentratiop tests and they should be selected in accordance with ISO 10780. {t can be necessary to
add or adjusf measurement points to achieve a suitable grid and because of the proximity of a sampling
point to a wdll.

F.1.2.5 Transference of qualification test results

It is not always necessary to perform the full qualification testyseries on all stacks or ductls if a
geometrically similar design has already been shown to meet the qualification criteria given in 643 and
provided that the following apply.

a) A geometrically similar stack or duct (one withGproportional critical dimensions) has|been
tested apd the sampling location has been found té comply with the requirements of 6.3. Critical
dimensipns are those associated with components of the effluent flow system that can influence
the degiee of contaminant mixing and theVelocity profile. The prior testing may be conducted
either or a stack or duct in the field, or itrmay be conducted on a scale model.

b) The prodluct of mean velocity [see Formula (A.2)] and hydraulic diameter of the candidate|stack
or duct is within a factor of six of that of the tested stack or duct, and the hydraulic diameter of
the candidate stack or duct is atleast 250 mm at the sampling location. The Reynolds nuinbers
based on hydraulic diameter{of both the candidate stack or duct and the tested stack or duft are
greater than 10 000 [see Fotmulae (B.1) and (B.2) for examples of expressions that can be usgd for
calculation of Reynoldssiumbers)].

c¢) The measured velocity profile in the actual stack or duct should meet the requirements of 6.3.
d) The diffgrence between the velocity Cy, of the two systems is not more than 5 %.

e) The samplinglocation in the candidate stack or duct is placed at a location geometrically sim]lar to

5 1 pa | 1 pa |
that in thetestedstackorduct:

If these transference requirements are fulfilled, the sampling location in the second stack or duct is
considered to be acceptable.

F.1.3 Method 2

Figure F.1 shows how a number of ventilation channels come together in a chamber on top of which
stands the stack or duct. Sample extraction for effluent monitoring is done about four diameters up the
stack or duct. The test was originally developed to measure particle losses in probes and pipes, but it
can also be used for investigating the effects of incomplete mixing of the contaminants in the effluent
air.
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Figure F.1 shows a two-stage sampler installation. The first stage brings air down to the measurement
room at a rate of 60 I-s'1. There, several samplers withdraw air at 0,5 1-s'1. The probe in the stack or duct
has four to six nozzles.

\—/\

A

Key

1 sqmple extraction location

2 samplers

3 tifacer gas detectors

4  injection level for tracer gas and particles
a

Ajr flows from reactor building, turbinébuilding.
Figure F.1 — IlluStration of the use of method 2 to determine mixing

The test is comprised of the injection of known amounts of monodisperse particles in the stack or duct
air stream at a suitable point upstream of the sampling installation. To find a suitable injectfon point, the
gas flpw is mapped byimeans of a tracer gas, ethanol, released as a spray at various points in the stack
or duft base. The gesulting concentration distributions at the sample extraction point are| observed by
meanss of an array-of gas detectors. An injection point that produces symmetrical distribution over the
stack|or ductarea, and low concentrations at the stack or duct walls, is selected for the particle tests
(Figufe F.2;key item 3). In this way the losses of tracer particles become small and limiteld to the flow
near the’stack or duct wall where the probe doesn’t sample.

Monodisperse particles nominally with a D, of 2 pm, 4 um, 8 pm, and 16 um tagged with dysprosium
are dispersed at the selected injection point. The particle concentrations at the sampler inlets are
calculated from the observed gas distribution. The amount calculated as aspirated into the sampler
piping is compared with the quantity collected by the ordinary filters of the sampling train to obtain
the sampling-line transmission efficiency.

The sample-extraction location is situated about half-way up the stack or duct. This is enough for
producing an even velocity field, but it is not enough for mixing. Figure F.2 shows the stack or duct
base as seen from above. (The cross-section at the stack or duct base is irregular because several ducts
discharge into the base of the stack or duct). Key items 1 to 4 represent the different injection points for
the tracer gas. The tracer gas that is injected into the different ventilation channels is not well mixed
into the main air stream as it passes the sample-extraction location. The spots in the four circles to the
right represent observed concentrations at the sampling level. As is evident from Figure F.2, the air
streams from different ventilation systems are not well mixed. The corrective measures outlined in
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Clause 6 are advised for this example, and single-point sampling is not appropriate unless the mixing is
corrected.

With the data from the tests using the tracer gas and a knowledge of the positions of the individual
sampling nozzles of the probe, the response to different concentration patterns can be estimated. It
seems that four to six nozzles can be quite satisfactory with geometry as described above. Further
details about this test method are reported in Reference [100].

L
L
2
3
R
4

Key
1to4 gasinjection points in the stack or duct base

Figure F.2 — Stack or duct base as seen from above with diagram of sample results

NOTE The corresponding tracer distributions over the circular stack or duct section at the sampling level are

shown to the right. The area of the spot is proportional to the observed concentration. The “+” symbols indicate
where no tracer was detected.
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F.1.4 Numerical modeling to qualify the sample extraction location

The computational fluid dynamics, CFD, model is useful in visualizing and understanding bulk stream
flow behaviour in the final exhaust system to assist in determining whether a more advantageous
sampling location is feasible.

Simulation by CFD of particle transport and deposition is generally divided into the following
steps: (1) simulation of the flow field, (2) particle tracking, and (3) post-processing to obtain
particle-deposition information (Reference [106]). Various models are available including FLUENT
and STAR-CD. The model should use a fully developed three-dimensional mesh of the full geometric
detail and include the sections from the last disturbance to the exhaust point of the system. The CFD

mode
of the
convdrge on a solution. Output results from CFD are directly influenced by the quality
inputp such as the mesh model and running to convergence.

At the selected sampling extraction point, the CFD results should meet the aCeeptance c
and the arithmetic difference between the CFD modeled stack or duct velocity €, and t
stack
ident
mode]. Models are validated against a known model/measurement ifiyorder to show the n

propdrly.
Examjples of methodologies for obtaining CFD data are givenby References [17], [87], [101

F.1.5

Other
meth
applig
stack
based
the m
situatjion, it can be necessary to demonstrate the quality of samples acquired at different fl
average, high and low) of the sta¢k'or duct gas.

F.2

F2.1

There
the following:

(including boundarv conditions and defined mesh) should incornorate the annron
T 5 " 2 T 136 Sl

system (e.g. Re > 10,000, (10 * 1) um AD particles, etc.) and run enough simulation

or duct velocity Cy, is not more than 5 percentage points. If these requirements are 1
fied sampling extraction point in the stack or duct then is tested\in situ or with a g

Alternative approaches

approaches may be used to qualify a locatien for sampling provided that the acc
bdology is equal to, or exceeds, that based.of the criteria given in this annex. For e}
ation dealing with sampling of radioactiye gases, it can be possible to inject a tracel
or duct at a known mass flow rate. If the mass flow rate of tracer emitted from the
on use of a single-point sampler.-at a candidate location were to show a value wit
ass flow rate of injected tracer] the sampling location may be considered acceptal

When to conduct sampling system performance verification

General

are instances when a performance verification of a sampling system is advisable. ]

whenthe air stream being sampled is not well mixed before a new system becomes op

iate aspects
iterations to
of the model

iteria of 6.3,
he candidate
net, the CFD-
hysical scale
hodels works

| and [104].

uracy of the
rample, in an
" gas into the
stack or duct
hin £20 % of
le. In such a
bw rates (e.g.

hese include

erational;

when an existing system has just come under additional regulatory requirements;

when the potential to emit contaminants through an existing system has changed significantly;

when an existing system has had significant changes, for example: changing the stream flow beyond
the original design limits; adding a new effluent stream in a manner that destroys the well mixed

state at the nozzle location; or changing system operating parameters outside of the d

when the supporting documentation for a newly installed system is deficient.

© IS0 2023 - All rights reserved

esign range;

69


https://standardsiso.com/api/?name=caf4b1206e007333fdc1b39f415b9a3e

ISO 2889:2023(E)

F.2.2 Approaches to verification

The methods for verifying sample-transmission performance through nozzles and transport systems

fall into four

categories:

in-place testing;
laboratory simulations;
modelling based on deposition and resuspension rates determined in the laboratory;

a combination of the above.

Table 1 sumr
lines for par

harizes the requirements for qualifying sample extraction locations, nozzles and tfay
icles, gases and vapour. In 7.3.2, it is recommended that nozzle performance for, paj

be tested using liquid aerosol particles. In 7.4.2, it is recommended that transport-line performar

assessed eit}
general met}
using in-plad

er through aerosol particle testing or through calculations with a verifiedymodel. In
jod is provided for use in qualifying the sampling location for particles; gases and v
e testing. Nozzle and transport-line performance methods for gases\and vapour ai

specified in this document.

Meeting the
can give the
discussion in

F2.3 In-p

F.2.3.1 Pai

References [
7. Sulfur hex
used as the t
to verify the
methods attg

using 3 |

using ur

using su

tests pe
counters

tests cor

performance requirements usually involves a combination, of methods. In-place t
most unambiguous result, but it can also be difficult to implement in all situation
F.2.3 gives examples of methods in each category.

lace testing

'ticle sampling examples

B9], [44] and [89] provide examples of employing the methods outlined in Clauses
afluoride or nitrous oxide gases and eleic-acid or vacuum pump oil aerosol particlg
racers to qualify the sample extractién location. Oleic-acid aerosol particles are alsa
performance of nozzles and transport lines for particles. Examples of other verifi
mpted include the following:

Im to 30 um aluminium andjiron powder aerosol particles (see Reference [65]);

hnium aerosol particles (See Reference [92]);

using fldorescent-dye-tagged dioctylphthalate 20 pm aerosol particles (see Reference [98]);

b-micrometréelaerosol particles of sodium fluorescein dye (see Reference [29]);

Fformedion several stacks using polystyrene latex microspheres using optical p4
on samples from the nozzle inlets and the exits of the transport lines (see Reference

sport
ticles
ice be
6.3,a
hpour
e not

psting
5. The

6 and
bs are

used
ration

rticle

[91]);

ticles

duoted on sampling systems at the Waste Isolation Pilot Plant using salt aerosol pat

(see Reference [33]);

70

systems tested using powdered tracer aerosol particles with geometric mean diameters of 1,3 um
and 8,5 um (see Reference [41]. Temporary sample collectors were arrayed across the stack to
characterize the mixing and to determine the average emission rate for comparison against the
existing system;

systems tested using powdered testaerosol particles with geometric mean diameters of 1 um (TiO,),
3 um (SrTiO3), 8,5 pm (Mo,C), 200 pm (brass) and 800 um (WC)HO9Zl, The test aerosol particles
had been injected into the stack as well as into some nozzles. With these tests, the concentration
distribution of test aerosol particles over the sampling plane as well as the penetration of these test
aerosol particles from the stack and from the nozzle entrance was determined;

using cascade impactors and optical particle counters to test several systems without employing
tracer aerosol particles (see Reference [57]).
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These last examples might not necessarily meet the current guidelines of this document, but provide
insight into other approaches.

F.2.3.2 Radioiodine sampling examples

Sampler performance was tested[28] for radioiodine by injecting both depositing and non-depositing
forms of iodine into the ventilation stream. Samples were collected both in the stack at the elevation
of the sampler nozzles and at the regular sample-collection point. The non-depositing form was
131]-tagged methyl iodide and 1311, was used as the depositing form.

Stable methyl iodide and elemental iodine were injected into the stack or duct flow upstream of the fan
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erence [65], 13! injected into a stack or duct, which was sampled at several locations
n using charcoal traps. These data, together with velocity data and tracer aenosol |
used to determine the contaminant profiles for the stack or duct.

Laboratory simulation

[l General

atory simulations are more rapid and convenient than in<place tests. It is unlikely t
ms can be simulated and the effects of surface contamigants in older systems can
real performance.

P Aerosol particle examples

ence [91] described a test of a full-scale @ampling system of simple design. Th
cted using polystyrene latex microspheres and laser particle counters sampling fr
ind from the end of the transport line.'Reference [76] shows tests of a simulated sa
oleic acid aerosol particles tagged-with sodium fluorescein. Wind-tunnel tests cg
Fmance of probes using shrouded nozzles to those using tapered inlet isokinetid

in the cross-
article tests,

hat complete
significantly

b tests were
the nozzle
pling system
mparing the
nozzles are

descrfbed in Reference [40].

F.2.4.3 Radioiodine examples

Radidiodine line-loss tests/to simulate air samplers used at several nuclear generaf
are dpscribed in Referénees [103] and [33]. The tests cover the range of air sampler ch
comnponly observedat-reactor sites. The sample transport tubes were either 304 or 316 s
as cldan as received-from the distributor. The results from these and other tests are su
Referpnce [42]

ing stations
aracteristics
fainless steel
mmarized in

F.2.5| Modeling

F.2.5.1 General

Modeling is often used to address the performance of transport lines. Modeling does not completely
address all performance aspects of a sampling system, notably the adequacy of contaminant mixing at
the sampling plane. This weakness may be overcome in the future as illustrated in Reference [38] where
a three-dimensional fluid mechanics model was used to identify potential flow-measurement locations
in the off-gas ductwork of a power station. They also compared the model results with velocity-traverse
data.

F.2.5.2 Particle examples

Reference [36] provides an example of the use of the Deposition code and compares the results
against tests of a simulated air sampling system. Examples of the use of earlier models are found in
References [88], [13] and [94].
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Annex B describes most of the elements that it is necessary to take into account in a particle-loss model.
An example calculation is also given.

F.2.5.3 Radioiodine examples

Examples of modelling radioiodine transmission through several sampler-transport lines are found in
References [42] and [91]. See also Annex C.
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Annex G
(informative)

Transuranic aerosol particulate characteristics —Implications for

extractive sampling in nuclear facility effluents

G.1
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General

ngineering of stack or duct monitoring and sampling systems for nuclear facilities r
ion to the design and placement of the sample-extraction nozzle and transport line 1
representative sample possible (see Reference [78]). With respect to theyphysical ch
effluent that it is necessary to sample under normal conditions and particularly undg

fions, little has been said other than that the most significant accident in a facility in ¢

ent and its consequences is likely to be fire (see Reference [26]). Fire-can cause radioa

to release airborne radioactive aerosols, and smoke can plug filtration systems causing

lose i
conce
capah
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made
struc
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[s integrity by rupture of the medium or seals. Therefore,{while there are no defi
rning the aerosol particle characteristics that a sampling/nozzle and transport li
le of handling, a number of investigations have been made of the expected filtration
PA filters under standard operating conditions. Also, a number of investigation
of the characteristics of aerosol particles presentdn gloveboxes or generated when
fures, flammable liquids or mixed radioactive materials are spilled and burn
aerosol particles can be expected to be present in a fire, they provide a first appr

the character of aerosol particles that it can be\necessary to sample in effluent stacks ¢

discu

typic
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itiss

5sion in this annex is meant to place seme reasonable bounds on the size of parti
lly be present in the event containment is lost and to provide some perspective o
h and testing considerations that it.is'hecessary to apply to sampling nozzles and trat

HEPA filtration effects

ar-facility stack or duct'emissions are typically controlled by multiple stages of HEP
filter is designed to kemove particulates from a gas stream with an efficiency of at 1
ive penetration, of HEPA filters by sub-micrometre particles (0,1 pm to 0,4 pm) a
ration by other-sizes of particles is predicted by filtration theory (see Reference [95
metimes cofiluded that it is not necessary to design sampling systems for HEPA filt

duct that take into-account inertial effects in the sampling-nozzle inlet and transportline. |

concl

In Re

1sion isinvalid.

ference [84] studies at the Rocky Flats Plant of particulate emissions in stack or d

bquires close
o ensure the
aracteristics
r emergency
erms of both
ctive sources
the filter to
hite answers
he should be
performance
s have been
containment
ed. Because
oximation of
r ducts. The
cles that can
h the type of
nsport lines.

A filters. The
bast 99,97 %.
hd negligible
). Therefore,
ered stack or
{owever, this

ict effluents,

parti

les’'were sampled and sized downstream of HEPA filters. A laser particle counter

as employed

to obtain number/size distribution data over the size range from the sub-micrometre range to over
10 um (optical diameter). While only a small fractional percentage of particle counts correspond to
diameters greater than 5 pm, when these data are converted to a volume distribution (hence reflecting
the actual distribution of particle mass, and possibly activity, in the samples), the volume percentages
corresponding to particles with diameters greater than 5 pm are quite significant (greater than 30 %).
The authors also observed the presence of white fibres in the vent discharge and speculated that fibres
and other large particles might have been shed by the HEPA filters.

A different explanation for the presence of the larger particles downstream of HEPA filters comes from
studies in Reference [95] of leak phenomena in HEPA filter systems (pinhole leaks, frame seal leaks,
etc.). Particle penetration through filter perimeter seals and the filter pack was determined separately
and in combination. Penetration is observed only when the challenge aerosol particles are introduced
into the system, ruling out the possibility that the observed particles were shed from the filter pack.
He found that whereas filtration theory predicts a penetration fraction of 10-1¢ for 0,7 um particles,
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the observed penetration was approximately 10-5. Reference [95] concluded that system leakage
phenomena and the size distribution of the challenge aerosol particles can override filtration theory

consideration

s in predicting the size distribution of particles penetrating the HEPA filter systems.

This is consistent with studies of multiple HEPA banks,[32] which data are summarized in Table G.1.
In this case, the presence of a small but significant fraction of supra-micrometre-sized particles after
the second and third stages is indicated because the geometric standard deviations, s,, remain large.
But the respective activity concentrations are very small due to the reduced challenge and narrowing
spectrum of particle size at each successive stage. At the same time, failure of earlier stages can be
expected to result in both higher release concentrations and larger quantities of particles in the inertial
size range (with a D, equal to 1 pm and larger). Therefore, the design of extractive sampling systems

in HEPA-filte

rad nln- a3 d rafla o o

under the pr

Tgble G.1 — HEPA efficiency and particle penetration of Pu aerosol particles
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bsumption of normal operating conditions and HEPA filtration.

TC

even

- : N i
Particle 512;3 AMAD? of chal Mean measured efficiency | Rémaining activjity?
HEPA sthge enge
% Bg-m3
pm
1 0,7to2,1,0,=2t03 99,998 76 107 to 108
2 0,45 t0 0,82, 0,=1,5to 2 99,998 17 102 to 104
3 0,37t00,70,0,=1,3t0 1,8 99,864 92 1to5
a2 AMAD is the activity median aerodynamic diameter.
b Challenge perosol particle concentration is equal to 1012 Bq-m3 to 1014Bg-m-3.
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hilure under a variety of accident conditions adds another dimension to the conce
ed to sample particulate radioactive substances in the larger size ranges. But noy
ask, what, if a substantial HEPA/failure occurs, is the upper particle-size limit that o
is necessary to sample efficientlyin order to properly represent the majority of the adg

D, equal to 10 pm to 15'wm? It is understandably difficult to characterize aerosol paj

hge aerosol particles. The literature, derived from studies of aerosol particles asso
al spills and{ires in nuclear facilities and of in situ dust and debris in uranium/plutq

d ductssprovides the best indications of what to expect. The following synopses of]
icative-of what is known and expected.

kpected as a result ofHEPA failure. As is the case with normal, intact HEPA filter bank
characteristics of the aerosolparticles penetrating a failed HEPA are determined by the charactet
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Flats

y-of plutonlum partlcle sizes in air samples taken in operatlonal areas at the Rocky

b)

74

(see Reference [58]) it was found that operatlons such as machlmng, 0X1de crushlng and
fluorination of plutonium produced airborne particles with mass median aerodynamic diameters
(MMAD) of 2 pm to 4,5 pm (assumed density of 11,45 g-cm3). Conditions related to glove failure
in a glovebox for burning plutonium metal leading to worker exposure produced larger airborne
particles having a MMAD of 13,8 um. The author noted that these data agree very closely with the
activity median aerodynamic diameters (AMAD) of particles measured at the AERE radiochemical
laboratories in Reference [97].

In Reference [34] the authors placed sampling nozzles in process lines or gloveboxes under “worst
normal” conditions (i.e. when aerosol-particle generation as a result of routine operations was
highest) in a study of challenge aerosol particle characteristics and the response of multiple HEPA
filters. Facility operations included research and development activities, fabrication, and chemical
recovery. Activity concentrations in challenge aerosol particles were in the range of 108 Bq-m-
3 to 1 010 Bg-m3. Fabrication operations produced fairly large aerosol particles (predominant
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AMAD, D,, equal to 3 um to 5 um), while recovery operations consistently produced particles in the
sub-micron range (0,1 um to 1,0 pm). Research and development operations generated particles
predominantly in the intermediate range (1 pm to 4 um). The largest reported size bracket in the
log-normally distributed impactor data from all sites was a 10,9 pm bracket (normalized frequency
of 4 % by activity), from a research and development facility.

Apart from accidents, processing facilities age and contaminated structural materials can become
suspended downstream of HEPA filter systems. The contamination can occur gradually or during
process and filter upsets. Reference [71] summarizes the historical measurements of particle-size
distributions in a plutonium finishing and reclamation complex downstream of HEPA filter systems.
The AMAD of plutonium-bearing particles ranged from 1,3 pm to 20 pm. Ventilation ducts damaged

o-acieh iw: e-sieptficant-coneen tors-ef-sheh minated rust

d)

f)

g)

In case of an accident, the potential contribution of fire-generated aerosol.’particl
icluded. Reference [46] describes studies of burning radioactively centaminatg
uranium was used as a surrogate for plutonium. Combustion aerosol parficlés contair
from contaminated plastics produced fairly large particles with an, MMAD equal
um. Compounds in glovebox gloves (polychloroprene) produced thedargest particl
1P,9 um). Burning cellulose produced particles with an MMAD froniless than 1 pm {
1P,5 um. Conversion of these numbers to aerodynamic diametép is uncertain as thg
shape factors are unknown.

Ul

ccident conditions can involve leaks or spills of liquid andpowder forms of radioactiv
at generate airborne materials. In studies with uranium and other surrogates (see Re
aprosol particles with a wide range of MMADs between 3 pm and 20 um were meas
spills appear to produce the largest particles from» splash droplets that start large bu
ap the liquid evaporates. The particle size djstributions resulting from powder spil
vpriability due to agglomeration effects in the-bulk state.

o>

A:nglomeration in accident-generated aerosol particles has been shown to produce lary
i a polydisperse aerosol of smaller particles. However, it appears that this process d
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ference [54] predicted (and'confirmed with observation) a relatively stable evolution of the

ﬁclear safety pilot-plant experiments with burning sodium in a containmer
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ean aerodynamic diameter. Diameters remained below a D, of 5 um for 5 days follg
apd confinement.

I some facilities, there is the potential for involvement of plutonium metal in fire sceni
g];
e

ference [32)/found that the activity-median diameters of plutonium aerosol partic
from plutonidm metal pellets and foils were variable, but ranged from a D, of 4 um to aj
1P pm.

wing release

hrios. Studies

ve been made~of the release of aerosol particles under reducing and oxidizing e;rvironments.

es generated
pproximately

G.4 Umplications for nozzle design
The available data indicate that the most common mode of particle size for plutonium and uranium
aerosol particles under a wide variety of conditions of generation is a D, of between 1 pm and 5 um
with measurable percentages of particles up to 10 um, or even 20 pum. The appearance of particles
in the inertial size range (with a D, above 1 um) can be anticipated, even under routine operating
conditions and certainly under a wide range of accident conditions. Inlets of sampling nozzles for
particulate emissions should, then, be tested for transmission performance in the range of 3 pm to
15 pm. The shrouded nozzle inlet, for example, is designed so that the transmission of inertial-sized
particles through the inlet is between 83 % and 103 % under the flow conditions of intended use.
Predicted performance of a design is confirmed with measurements in a wind tunnel using test aerosol
particles with a D, of 10 um. The design is iterated until there is good agreement between predicted
and measured performance, at which point the shrouded nozzle is qualified for use. Unless it is known
that a facility stack or duct effluent can contain a sizeable mode of very large-sized particles due to the
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nature of the materials being handled, it is not necessary to require performance testing in size ranges
beyond 15 um.

G.5 Implications for other nuclear facilities

Although the discussion in this annex has relied largely on data from plutonium facility experience, the
concern for proper sampling and monitoring of the large-particle components of effluents downstream
of HEPA filtration in other types of nuclear facilities is equally important. Reference [30] reviews a wide
range of literature on particle-size distributions of radioactive aerosol particles measured in workplaces
throughout the nuclear industry and government laboratories, it was found that in a total of 52 papers
reportingl mea emen of narticle AMAD he mea3 emen of AMAD in the n =¥ ower
industry and fuel handling facilities follow distributions similar to those in workplaces as a whole], with
median valugs of about 4 um. The exception seems to be for uranium mills, where the medianiis pbout
7 um. Referdnce [99] reviewed the characteristics of accident-generated aerosol particles|in Swedish
power reactgrs. A large body of literature exists on aerosol particles, vapour, and gases’generated in
postulated ppwer-reactor accidents. Little is available concerning less consequential\off-normal eyents.
The implicatjon is clearly that the challenge aerosol particles presented to HEPA filtration in practically
any nuclear facility contain a significant component of particles with a D, largerthan 2 pm to 3 prh and,
thus, can be present downstream of the filtration banks where sample extraction takes place.
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Annex H
(informative)

Tritium sampling and detection

Tritium chemistry

Tritiulm, an isotope of hydrogen, generally behaves in a manner similar to hydrogen_ ‘1]

found
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in two primary forms in the exhaust stream:
the elemental form as a gas;
the oxide form as water vapour.

f particular interest that tritium in the oxide form has a boilingpoint slightly abov|
regulatory analysis this allows the oxide form to be considered-a liquid instead of a
1llows the use of a liquid physical form factor instead of thatfera gas.

tritium is sometimes found in the exhaust stream as a“component of methane or ¢
ics, or as a component of particulate matter. One sueh*example is LiOH, where the
fed with a tritium atom, LiOT. This compound is a solid material at temperatures up t

Sampling considerations

General

rst step in selecting an appropriaté:sampling system is to determine the chemical fo
exhaust stream. If it is present in-multiple forms, multiple sampling techniques may
the oxide form is present, it.is necessary to consider carefully the temperature 4
ht of the exhaust stream.(Tfjthe exhaust stream contains water in droplet form, the
so be in this form and sampling as though particles were present is recommended. S
r only is appropriat€ when the oxide is not be expected to condense.

Sampler ngzzle

m. The 10cation and nozzle configuration should conform to practices outlined elsey

docuI
H.2.

ent.

ypically, it is

e 100 °C. For
pas, which in

ther volatile
hydrogen is
0400 °C.

'm of tritium
be employed.
nd moisture
h the tritium
hmpling for a

ampler nozzle should be located in the appropriate place depending on the chemical form of

where in this

Heat tracing

The use of heat tracing on sample lines designed for tritium sampling should be evaluated very carefully.
Several of the tritium sample-collection methods rely on either absorption of water vapour into a
medium or condensation in a condenser apparatus. If the temperature of the sample is maintained too
high, the tritium can desorb from the medium. Not all of the vapour condenses and, therefore, some of
the absorbing solution in the bubblers can be lost. All of these conditions lead to biased results.

On the other hand, if the physical state of the tritium in the exhaust is gaseous or vapour and the exhaust
stream contains high humidity, then heat tracing can be necessary to avoid condensation of sample in
the sample lines and sample chamber. Condensation can cause the sample collector to plug and, in the
case of an ionization chamber, the reading can be disrupted because of shorting of the central electrode
to ground or of the high-voltage electrode.
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H.2.4 Medium location
Except for tritium existing in a particulate form, the tritium sample medium is generally located

downstream of a particulate filter. This keeps particles from plugging the sample medium.

H.3 Sample media

H.3.1 General

There are several generally acceptable methods and/or media available for sampling tritium when it is
not in the parti itisi i i iculate
matter disculssed elsewhere in this document should be used.

Although th¢re are many factors that affect the sensitivity of a method, sensitivities on(the orfler of
40 000 Bg-m[3 are possible with sampling followed by laboratory analysis. Typical factors)but cerfainly
not all possible factors, that can affect sensitivity are sample flow rate, temperature of sampling,
pressure of §ampling, analytical method and sample medium.

Often, information on the concentrations of both the oxide and the elemental’gas forms of tritjum is

desired. The
However, on
adsorbed. TH
the same qu

uptake of tritium in the oxide form is very efficient, on the orderof 99 % in Referenc

erefore, releases of tritium in the elemental form have a-much lower dose than that
hntity of tritium oxide. Combinations of the following meéthods can be used to dete

e [11].

y 0,004 % of the elemental tritium entering the body is cofwverted to the oxide fori and

from
‘mine

total tritium| and oxide levels, with the difference being the elemental tritium in the stream [being
sampled. Direct measurement is also possible by first removing,the tritium oxide, then converting the
elemental tritium to an oxide form, followed by additional sampling.
H.3.2 Silicp gel
ected
h and
silica
i1 to a
eated

This method|of sampling tritium oxide is the simplestto perform. This is a continuous sample col
over a periofl of days to weeks. It involves placing a canister of silica gel in the sample strear
absorbing thfe tritium as water vapour on the;silica gel. For sampling tritium oxide, a coloured
gel may be uped. The anhydrous silica gel.is blue. As it adsorbs moisture, the colour changes, eithe
different bluge or to another colour. The $ample, once collected, is sent to a laboratory where itis h
to desorb th¢ tritiated water.

If tritium in §he elemental form jis'‘present, then a catalyst, such as palladium, can be installed ups!
of the sample chamber. The catalyst converts the elemental tritium to the oxide form, which ¢
absorbed onthe silica gel.

ream
an be

H.3.3 Moleécular sieves

This method|is idéntical to the silica gel method, except molecular sieves are used in place of sili
This method|has two advantages over silica gel.

ra gel.

a) The media can be better dried initially, resulting in a lower background.

b) A palladium catalyst, which converts the elemental tritium to the oxide form, can be coated directly
on the molecular sieve.

A primary drawback of molecular sieves is the desorption of the tritium. This typically involves heating
the medium to 500 °C in an evacuated furnace. Also, molecular sieves have a lower moisture-handling
capacity than silica gel, but the medium is a more efficient drier. Therefore, when the moisture content
of the sampled exhaust is high, silica gel is probably a better medium. However, when the moisture
content is low, molecular sieves can be a better choice.
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H.3.4 Bubblers

Although a variety of absorbing materials can be used in bubblers, ethylene glycol or water are most
often used. This method provides advantages in the laboratory, in that sample desorption is not
required. The primary disadvantage is that the bubblers, which are typically of glass, and the liquid

media are difficult to handle when it is necessary to use them in the field or plant environment.

H.3.5 Condensation

In high-moisture exhaust streams, condensation is likely to be the most suitable method, since the other
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and the condensate is colleetéd

hmple is routed through a mechanical
fape from the system in the exit gas. To ensure representative sampling; reguld
enance is required.

Catalysts

the above methods rely on the tritium being in a vapour form, generally water v
n is present as an elemental gas, it is then necessary to convert it, using a catalyst
before it can be sampled. Although any catalyst that cap~¢envert elemental hydrd
or oxide form can be used, a palladium catalyst is the most’common choice.

tritium is present as an organic chemical species, it is often necessary to use 3
st. An example is a platinum on aluminium oxide(¢atalyst in a heated combustion ¢
m in the organic compound is oxidized to HTO ahd collected using the methods desc

On-line detection

Ionization detectors

e as low as 0,04 MBg-m-3 dépending on chamber volume. The major drawback to th
[ is sensitive to any gamma'field in the general area and to any other ionization occ
ber. A second chamber, 15’ sometimes used to compensate for external gamma fields
cond chamber onlyto’the field and not the exhaust stream. An additional chamber
molecular sieve’pre-treatment is sometimes used to discriminate between oxide a
m.

fype of detector can be used when tritium is present as an organic vapour, such
Ane.

orption media. However, this method can b

e difficult to
r condenser.
in the liquid
Ing moisture
I equipment

apour. When
to the oxide
gen into the

combustion
hamber. The
ibed above.

s a very simple detector thatcan detect both elemental and oxide forms of tritium. The sensitivity

s detector is
urring in the
by exposing
with a silica
nd elemental

as tritiated

Proportional counters

This type of counter detects tritium by using a rise-time discrimination principle. Since the soft beta of
tritium has a short drift time, this detector can discriminate between tritium and other radionuclides,
such as noble gases or other gamma emitters. The sensitivity of these instruments is around 0,4 kBg-m3.
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(informative)

Action levels

I.1 General

An action leyel is an effluent contaminant concentration threshold at which it is necessary to,pefform
an approprigte action. The type of action performed depends on the circumstances. The(action can
entail generation of alarms, diversion of effluent through added effluent treatment or-intervéntion
in the process creating the contaminant. There are inevitable consequences of whatéver respopse is
taken. Some [responses are relatively minor, others are much more significant in ternis’of cost, dgmage
to equipmenf and, possibly, even human health and safety. Careful consideratiomtaking into adcount
all such congequences, should be given to the setting of an action level for an effluent sampling or
monitoring slystem. There can be not only false negative outcomes (i.e. a true release of significandge that

is not invest
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can be of ma

work stoppa

anticipated d

Action levels

generally set

Releases abo|
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avoid reaching the regulatory action levels or-they may be set for other reasons, such as costs iny
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levels. Ala
operators th
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The process

)

gated), but also false positive outcomes (i.e. worker responges‘to alarms, risks asso
hutdown, and costs that are incurred needlessly). Both types should be anticipate
h the hazard potential of a particular effluent and othér’factors, false positive out
re consequence to facility operations and worker safety than false negative ones, ¢
be and evacuation of areas. Facility administrators shiould be cognizant of all reaso
utcomes.

involving events with significant releases apd*potential risks to members of the pub
either by the regulator or through discussions between the regulator and the licg
[ve these regulatory alarm levels requireeporting to the regulator. In addition, the lic
pwn, lower alarm levels (also calledsadministrative levels or limits). These may be

s, For example, tritium releases'from heavy water reactors may be based on the eco
5 of heavy water. There is usudlly an internal reporting procedure when administ
its are exceeded. AdminiStrative levels are usually set somewhat above normal rq
s based on increasing_pelease rates may be used in control monitoring to war

r administrative level.

bf selection ofjan appropriate action level requires a consideration of

riated
d but,
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bnsee.
ensee
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ht conditions have ciahged and immediate action may be required to avoid exceeding an

a) the physfical and ¢hemical characteristics of the contaminant,

b) the charfacteristics of the sampling system required to obtain a sample of the contaminapt for
analysis|and counting (e.g. the nozzle design characteristics, the transport line design or sanlxpling
location}a1d

c) thetype, intensity and variability of interference with the measurement.

Each of these three factors can contribute relative uncertainty to the contaminant-concentration
estimate and, therefore, affect the level of confidence that can be assigned to the decision. The selection
of an appropriate action level is separate from, and precedes, considerations of the required sensitivity
of the sampling and measurement systems.

It is useful in the context of discussing action levels to draw distinctions among the following:

control monitoring: sampling for purposes of providing adequate warning so that an operator can
take action to protect workers and the public from excessive exposure (i.e. continuous monitoring
with alarm);
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— system availability: tracking sampling-system availability and response so the facility operators
are alerted if equipment failure takes a system off-line or seriously degrades performance;

performance sampling: regulatory compliance sampling that yields data of such quality and type

that the facility owner can identify and quantify the most significant radionuclides present in the
effluent and support demonstration of regulatory compliance by meeting all requirements for
sample-extraction location, instrument calibration and maintenance, sample handling and chain of
custody.

When determining action levels, consideration should be given to accuracy, precision and relative
uncertainty. These terms apply to both the process of sampling and the process of measurement.

The ¢

meas
proce

Statig
calcu
same
on rg
meas

irement processes. Regular calibration of sampling and measuring equipment (s
dures and traceable standards is used to establish accuracy.

tical measures of the dispersion of results about a measurement-population mean
ate precision. Sampling precision can be determined by replicate samples obtain
conditions. Measurement precision is obtained from the statistics_ofirepeated m|
plicate samples and by detailed analysis and propagation of-‘uncertainties in
irements. Sampling and measuring precision are combined statistically to obtain a

overall precision.

The d
unce|

The d
of mg¢
meas
best

oncern of precision determinations is the estimation and, where possible, reductia
tainties in the sampling and measuring processes.

epartures of measured values from either the true'walues (accuracy effects) or fr
asured values (precision effects) are measures-of relative uncertainty in the s
irement system results. Contributions to relative uncertainty in sampling or meag
letermined independently and combined. by statistical propagation of relative uj

detailed discussion of sampling and measurement random errors and error determinat

leadi

g to an assessment of overall effluent sampling system relative uncertainty is found

ncern for accuracy is directed at the elimination of systematic uncertainty in the sampling and

ing accepted

are used to
bd under the
pasurements
component
n estimate of

n of random

m the mean
ampling and
urement are
hcertainty. A
ion methods
in Annex E.

Table I.1 — Guide to standard uncertainty of sampling and measuremen

Factor or consideration Record sampling Control monitoring
Frequency of
a) sampling continuous continuous
b) measureniént weekly near real-time
Relative standard uncertainty of sampling system
a) oyerall accuracy *15% +20 %
precision *15 % +20 %
b)> sampling accuracy *10 % +10 %
precision +10 % +10 %
CJ_ Imneasurementaccuracy FI0 % T8 %
precision 10 % +18 %
System availability >90 % >95 %

Each facility should set data quality objectives for its particular sampling and measurement systems.
Guidance for recommended levels of relative uncertainty as they pertain to accuracy and precision of
sample extraction and transport, and of measurement, is given in Table [.1. Most of the recommendations
for control monitoringin Table .1 are notas stringentas the recommendations for record sampling. Near-
real-time radiation detection by a CAM, for example, usually cannot yield as accurate a measurement as
can be expected of a laboratory counting system because variable systematic uncertainty introduced
by the presence of interfering background activity can often be significantly reduced or eliminated in
the laboratory. It should be recognized that the accuracy and precision recommendations of Table [.1
are not meant to be absolutes that can be equally appropriate in all cases and conditions. For example,
effluents containing highly reactive constituents such as radioiodine can be particularly difficult
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to extract and transport without significant sampling bias, leading to estimated sampling accuracy
relative uncertainties higher than 10 %. In contrast, measurement accuracy in some systems can
be easily held well below 10 %, given the characteristics of the instrumentation and measurement
processes and should be so reported.

There can be justifiable reasons for sacrificing some degree of measurement accuracy in control systems
to achieve higher instrument reliability, extended range of response, more effective background
compensation or other optimization goals. The overall system-relative uncertainty limit values are
derived by summing the respective relative-variance estimates of the sampling accuracy or precision
components. For example, the recommended limit of 20 % for the overall relative uncertainty in system
accuracy for continuous monltors is the square -root of the sum of squares of the samphng accuracy

component,
uncertainty.
nozzle and tr
in sampling
the system fi

.2 Actio

The discussi
precision co
concerning h
high confide
alarm sensit
that it is necg
to detect the
instruments
detector effi
However, fon
counting rela
system are |
accept the ri
the trends of

Mentioning these components separately calls attentlon to the fact that if the san
ansport line are not properly designed and properly placed, relative uncertaintyiscy
iccuracy, and no amount of attention to measurement accuracy in the system ¢an p
om generating poor, biased data and faulty alarm responses.

h levels for control monitoring

n1siderations in the setting of appropriate action levels. Thére are no hard-and-fast
ow to set these levels. It should be kept in mind that there/is a trade-off between h
ice in an alarm being triggered only by a “true” contamiinant release, and having suff
ivity to the presence of the contaminant, albeit at dower confidence. It is in this cq

b contaminant at the lowest concentration and\shortest integrating time. In some
iency, volume sampled and time. All of thesefactors add relative uncertainty to the re
tive uncertainty, as shown in Annex.E. [f the costs of false alarms in an effluent monif
hirge, then a decision can be made te’set the alarm threshold at a relatively high lev

6k of not detecting a lower-levelrélease in a timely fashion. In some contexts, monif
the measurement results can be a useful tool to aid in maintaining control below a ¢
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net counts are converted to activity-concentration estimates by dividing the coumts by
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the purposes of an alarm, the largest nelative uncertainty is typically contributed by the
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The user should determine an action level that can be attained, and design and oy
p the detection limit foxthat sampling and measurement process is sufficiently belo
o avoid false alarms.

Control monjitoring, using acCAM with an alarm, does not imply that there can be a more rglaxed
attitude toward achieving a representative sample. In the case of continuous monitoring for parti¢ulate
radioactive gubstance in‘€ffluent streams, there might not always be a “sufficient” number of [small
particles in g4 releasecto ‘cause an alarm. Nor should it be assumed that, in a poorly designed sampling
system, a fey large-particles can get through to trigger an alarm. Such assumptions are ill-advised
and unaccepfable.X\The danger resulting from a lack of attention to the CAM sampling system design
and placement-is that the component of the sample that is not well represented (possibly the larger
size particles, Tor example) can be the very component that provides the best chance for early warning
and, hence, control, worker protection and impact limitation. The inherent limitations of providing
radiation detection in the sampler during the sample collection process are due to the large background
component in the detected signal. The choice of a relatively insensitive sampling system can lead to
alarm thresholds consistent with an acceptable false-alarm rate. However, the system can then be
susceptible to excessive false negative responses.

1.3 Action levels for record sampling

A facility or work area that has the potential for radioactive emissions (categories 1 to 3) should carry
out record sampling at an appropriate frequency. Record samples are collected continuously in an
integrated sample, and then are analysed by subsequent counting (off-line). The levels of activity that
can be detected by these means are typically many orders of magnitude smaller than those detectable
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by on-line monitors. Additional sensitivity can be achieved by preparing composite samples from
several week-long samples into monthly or even quarterly samples. The decision to attempt to achieve
a certain detection limit goal requires a balance among costs, time and other factors. It is necessary
that the relative uncertainty in the final estimate of quantities, concentration and rates of emission be
derived from uncertainties in each of the factors entering into the respective calculation.

Another layer of analysis can be applied after determining the central estimates and their uncertainties,
and logging them over time. Here the question is not whether a particular measurement is above the
decision level for that contaminant, but whether a given trend in the data is normal or indicative of an
off-normal condition, or whether a given datum is an outlier or is actually an elevated concentration.
For this purpose certaln statlstlcal tests and trendmg procedures (e.g.a control chart) are important. A
. ; o help decide
whether a datum should be regarded as belonglng to the family of normal values for the parameter
beingl measured (e.g. the mean concentration or amount of radioactive substance emittgd during the
previpus month or quarter), or belonging to a new, unidentified situation that requiresinvefstigation and
interyention. An investigation can determine whether a systematic uncertaintychad been introduced in
the apalytical procedure for radionuclide determination, or can aid in ascertaining if a smgll leak exists
in thd filtration system of the facility stacks or ducts being sampled or monitored. The decision on the
apprdpriateness of a given multiplier defining the action level hinges on(the estimated cosfs associated
with either being wrong in concluding that an excursion beyond the dction level has occurjred, and that
contrpls in a facility are breaking down (false positive), or being/wrong about thinking that emission
contrpls and analytical procedures are normal, only to discovernylater that chronic low-lgvel releases
have peen undetected (false negative). If the achieved detection limit for a sampling system is well
below the action level, there is sufficient latitude to eliminatefalse negatives by trending.

1.4 |System sensitivity needed to achieve selected action levels

Once [an action level has been determined, another issue that should be addressed is [whether the
perfofmance of the proposed real-time monjtoring system is sufficient. This is not a question of
accurpcy, but of whether a chosen system is able to provide the needed net response above|background.
Assui;e that a real-time monitoring systém has been operating in a given airborne effluent long enough

to estfablish the population of, n, blank responses (meaning zero concentration of radioactive material
of coficern present, but varying levels of background activity) large enough to reliably|establish an
estimfate of the population mean~of the blank, up, and standard deviation, og. While in|operation, if
there|is no contaminant preSent, but there is an interfering background, the number of net activity
concentration equal to gross,activity concentration minus background activity concentratjon, would be

expedted to have a limiting mean of zero, and a standard deviation of oy =05 1+%_1—3) (n=4).
n-(n-

The decision threshold of the activity concentration, c*, is given in Formula (1.1):

C =k1_a 'O'O (11)

Wherl the net activity concentration exceeds the decision threshold, there is a @ % chanre of making
the error of concluding that activity concentration is present when there is truly only a background
level present (a false positive). Said differently, an alarm level set at ¢* would provide a false alarm
rate of X = a %. Usually in the field of radioactivity measurements, we consider a = 2,5 % or 5 %. From
Table 1.2, if we consider a = 5 % then ¢* = 1,645-0,,. Considering that a real-time monitoring system
provides a measurement every minute which means there are daily 1 440 output data and if the alarm
is set up at the decision threshold level, 72 false alarms per day (X = a =5 % of 1 440) are expected and
this may not be acceptable in terms of human factor.
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Table 1.2 — Alarm setup parameter K and its associated false alarm rate X

K=k, X=«a
%
1,282 10
1,645 5
1,960 2,5
2,327 1
3,091 101
329 5 v 102
3,720 102
4 3,2x103
4,075 2,3x 103
4,267 103
4,756 10
5 2,9 %105
5,203 10-5
6 9,9 x 10-8
Key
K alarm setup parameter
k1. Quantile of a standard normal distribution fer a probability 1 - «,
dimensionless
X false alarmrate, in %
a probability of a false positive, in %

The detectidn limit, which represents the metrological capability of the measuring system, |s the
smallest valye of the activity concentration detectable with a probability, 1 - S.

The detectiop limit of the activity concentxation, ¢, can be approximated by Formula (1.2):

c=2.¢

(1.2)

considering that =«

If a = B =5 % is considefed; then c*=2-c" =3,29-0. From Table .2, if the alarm level is set up pt the

detection linjit value, 4.8 K = 3,29 corresponding to a false alarm rate X =5 x 102 %, and if a daily {1 440
output data |s still'considered, then about 20 false alarms per day are expected and still may not be
acceptable if] terin$ of human factor.

If one false atarmrpermmonth(X=2;3=10-=3-9)tscomsidered-as-acceptabte themtheatarmrtevetcan be
set up at 4,075-0 which corresponds to the minimum decision threshold of the activity concentration,
c*, of the system. However, as the multiplier X is increased, the false alarm rate decreased but there is an
increased probability that low-level concentrations of contaminants do not trigger an alarm. The upper

limit, C;in' of the confidence interval of the c_;, for a given probability, 1 - y, expressed as,
Crin =Crmin +K y ‘U(Cmin ), shall be less than or equal to the regulatory activity concentration limit R; .
1-+~
2

It is preferable that the regulatory activity concentration limit, R, is much higher than Cr[;in

alarm level set up, S, = ¢,,;,,, at the value of ¢* can be only an administrative alarm level decided by the
licensee for operational reasons.

so the
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Figure 1.1 summarizes all the metrological requirements previously described about the system
sensitivity needed to achieve selected action levelsl®l. This subject is discussed further in References [4]
[5] and [6].

i Y Y Cip L
sc . Cmin £ K1 -5 U (Cmin) | > ; Spxky-5.u(SL) ;RL—SLD
: . Cmin I N
. . : ' : : L~
| o s c
i -y -
S0 = Cmin SL
¢’ c*
Key
c activity concentration, in Bq-m-3
c* decision threshold of the activity cencentration , in Bg-m3
ct detection limit of the activity,concentration , in Bq-m
Cmin minimum detectable actiyity) concentration, in Bq-m
range of c;, for a giverprobability 1-y, in Bq-m3
Chnin + kl_l u(cmin )
& upper limit of the'confidence interval of ¢ ;, for a giv¢n probabil-
ity 1-y, in Bgan3 (¢, <R )
Ry, regulatory activity concentration limit, in Bq-m-3
So detection alarm level value related to an acceptable |evel of false
atarm rate , in Bq'm™3 (administrative alarm level defided by the
licensee for operational reasons)
S detection alarm level value related to R, in Bqg'm3
5> upper limit of the confidence interval of the activity c¢ncentration
L corresponding to S; for a given probability 1- y, in Bq-m™3
<::> range of possibility to set up action and/or alarm levdls if needed
Flgure I.L—Synthesis of the metrological requirements to achieve selected actipn levels
It should‘also be noted that the performance of a real-time monitoring system does not onfly depend on
the metrological aspect characterized by the decision threshold, the limit of detection and the ¢ but

also on its dynamic capacity characterized by its response time when facing a released activity event
and especially in case of puff release of short time. In that situation if the response time is too long the
actual value of the activity concentration cannot be measured.

The ideal performance is to have c¢# as low as possible associated with a very short response time,
but unfortunately these two criteria are in opposition. It may be then necessary to find a compromise
between AMD and the response time in the choice and the settings of a real-time monitoring system
in order to take into account both the dynamic characteristics of the released activity events and the
respect of the requirements needed to achieve selected action levels.
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I.5 System performance and availability alarms

System performance and availability alarms are a separate consideration from action levels based on
effluent releases. The designer of the sampling system should consider the requirement for alarms
activated by system-component failure that results in the inability to sample properly. Such system-
failure alarms should be differentiated from alarms triggered by effluent-release action levels because a
very different response is required. Establishing system-failure alarms should be based on a statistical
evaluation and consequence analysis, considering acceptable levels of false positives and false negatives
as discussed in L4.

System failure can take two forms The f1rst is a complete fallure Complete fallure can be a system
shutdown cag : : : ailure
should be inglicated by an alarm to ensure that actlon is taken to restore operatlon A completefhilure
due to the lops of a vital component can require a separate alarm for each mode of failure iecduge the
different failire modes can require different responses. The importance of the alarm and.thepriority of
response shquld be determined and entered into the facility alarm-and-response plan.

The second form is a partial failure that compromises the quality of the output, renders the dutput
unusable ani causes the system to fall below safety or regulatory requirements~This type of fhilure
should require a system alarm and a graded response because there can be differences in operation
that require[interpretation of instrumental data before activating an alarm. Two examples of partial
failure are g significantly reduced sample flow rate and a significapt.leak in the sample-trar{sport
system. Therle are many other possibilities for partial failure and it cafy b€ impractical to trigger ajJarms
for them all. Consequently, there are guidelines given for maintenanee ‘and inspections in Annex ]
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Annex |
(informative)

Quality assurance

General

mentation, maintenance, inspection and calibration are key components of ensuring
mples.

Documentation

General

The quality assurance programme should ensure that the air sampling system and its con

chara

].2.2

This

efflue
includ
forms
proba

J.2.3

The 1
spatiz
estim|
empld

cterized and documented.

Source term

ncludes changes to the ventilation system or chatiges to processes that can affect
nt discharged. The nature of the processes serving each stack or duct should h
ling information about the identity of the radionuclides as well as their chemical
. The air-cleaning systems associated with“each stack or duct should be identified 3
ble nature of releases resulting from the possible failure of these systems.

Effluent flow characterization

esults of studies to characterize the flow conditions of the effluents should be docy
1l and temporal variations~iit velocity across the stack or duct, determination of d
ates of particle size distributions, etc.). The documentation should include or list al
yed, times and dates, -of the measurements, individuals involved, equipment u

pertiment information reégarding facility operations.

].2.4

Docu
their
not sg

Design and.construction

mentatiofi that describes the objectives of each sampling system and lists all radig
botential'physical and chemical forms should be available. If a particular component i
mpled, the reasons should be discussed.

he quality of

nponents are

the airborne
e identified,
and physical
s well as the

imented (e.g.
yclonic flow,
| procedures
sed and any

nuclides and
s present but

The ratiomateamdany supporting evidernce for sampting at a particutar tocatiom atong tie

luct or stack

should be documented. Similarly, the rationale for sampling at particular point(s) within (across) the
stack or duct should be documented. Documentation that explains the rationale for the design of the
sampling system should be available. This includes documentation regarding the choice of the transport
system, the material, diameter and configuration of the sampling lines, the choice of filters or absorbers,
the selection of flow meters, etc.

Also, there should be a means for allowing verification that the installed sampling equipment is that
described in the documentation. This can be accomplished by identification marks on the installed
components. An evaluation of particulate losses in the sampling lines should be documented. Other
design documents that should be maintained include engineering change-control documents,
equipment manuals and vendor-supplied information.
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J.3 Maintenance and inspection

].3.1 General

The requirements for maintenance and inspection depend on the nature of the sampling equipment.
Routine maintenance may be performed as described in the manufacturer’s equipment manuals.
Non-routine maintenance should also be performed on the basis of the results of inspections. The
guidance provided here can be used as appropriate, such as in cases where there are no manufacturer
recommendations.

Inspection and malntenance act1v1t1es should be descrlbed in procedures Checkllsts should be
employed aspa ' - ect ' of the
record of the¢ inspection. The inspection and mamtenance records should include the nature bf the
inspection dr maintenance, reasons for the inspection or maintenance, names of the.findividuals
involved, timjes and dates, identity of the equipment employed and a description of any réplac¢ment
parts or matprials. All deficiencies identified during scheduled and unscheduled inspe¢tions shouyld be
recorded. Regcommended maintenance and inspection guidelines are given below. Regularly schelduled
inspections ghould be performed at least once a year, possibly concurrent with calibrations. Ideally, the
same individuals responsible for the calibrations are also responsible for the inspections.

J.3.2 Inspections

Inspections should be performed routinely, quarterly or annuallyhas” appropriate and practicable,
possibly confurrent with other maintenance. Inspections should-include, but are not limited tp, the
following:

— position|and orientation of sampling nozzles or inlets;

— conditioh of nozzle or inlet openings;

— dust acchmulation in the sampling nozzles, inlets'and transport lines;

— corrosiop, physical damage or dust loadingto the transport lines and equipment;
— filter-holder gaskets;

— leakage |n the overall sample-transport system;

— tightnes} of all fittings and connections;

— condition of flow sensors;

— calibratipn of flow.nieters (the value of the flow rate determined by the test should not deviatg from
the nom|nal valuegnore than 10 %).

J.3.3 Sampling system flow meter inspections
P gsy

Mass flow meters should be checked at least annually with a secondary or transfer standard, where a
transfer standard is typically a calibrated mass flow meter placed in series with the unit being tested.
Unscheduled calibrations can be needed if any maintenance to the sampling system has been conducted
that can affect the performance of the flow meter. The flow rate at which the mass flow meter is
checked should be at a level that is within #25 % of the nominal design sampling rate of the system. If
the flow rate, g4, of the flow meter being tested differs by more than 10 % from the value indicated by
a secondary standard, the flow meter should be removed from service for maintenance and calibration.

Flow through critical flow venturis should be checked at the start of each sampling period by observing
the values of Ap,, (differential pressure across the meter) and Ap; (differential pressure across the
filter). If the value Ap , is less than that needed for critical flow, the vacuum system should be checked to
determine the cause. If the value of Ap;is less than 70 % of that normally observed when the particular
filter or collector is used, the critical flow meter should be inspected for blockage, or the sampling
system should be checked for other possible problems. The critical flow meter should be removed from

88 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=caf4b1206e007333fdc1b39f415b9a3e

ISO 2889:2023(E)

service for cleaning and re-calibration if it is the cause of the erroneous reading. If the value of Ap; is
greater than 130 % of that normally observed, the filter or collector should be inspected for possible
problems.

It might not be necessary to check rotameters in the field with secondary standards unless maintenance
has been done or changes have been made to the sampling system that can affect its accuracy. A
rotameter should be inspected at the start of each sampling interval to ensure that no foreign matter
has been deposited on the inside surfaces in the measurement tube. If foreign matter is visible, the
rotameter should be removed from service, cleaned and re-calibrated.

].3.4 Continuous effluent flow measurement apparatus

On a‘rj annual basis, response checks should be made of the flow-rate readings from installgd equipment
throulgh use of a reference Prandtl-type Pitot tube. If a thermal anemometer or Pitottube |s used in the
stack|or duct, the reference Pitot tube should be placed in the vicinity of the installed devjice at a point
wherg, based on previous measurements (see Annex A), the velocity reading isceither the|same as that
of theinstalled device or a known correction factor can be applied to providesalpatio of thel two velocity
readings. If the installed sensor is a Pitot tube, the velocities calculated fromyuse of the twojtubes should
be within +10 % (after taking into account any correction factors). If the installed sensoi] is a thermal
anempmeter, the velocity, V, determined from use of the reference Pitet tube should be conjverted to the
equivplent velocity, V4, at standard conditions as given in Formula (J/1):

T.
_ std  Pa
Vitd, ta = Vapt - T ’ (J.9)
a Pstd
wher¢
Vitd ta is the velocity obtained from a singl¢-point thermal anemometer at standar(d conditions,
in m-s;
Vot is the velocity at actual conditions determined from use of the referende Pitot tube,
inm-s?;
11 is the temperature in the stack or duct, in K;
Tiiq is the standard temperature, equal to 298 K;
pl is the pressure in the stack or duct, in Pa;
Phig is the’standard pressure, in kPa.

The rfatio of the\velocity at standard conditions indicated by the installed sensor and the reference
sensor shouldbe within 10 %.

If the velOcity value from either an installed Pitot tube or thermal anemometer is outside of|the specified
range, the cause of the difference should be determined. It can be necessary to recalibrate the device.
Also, if a sensor requires maintenance that can affect the calibration, the device should be recalibrated.

If the flow sensor is a Pitot tube, response checks should be made at least quarterly to verify the
functionality of any pressure gauges used in conjunction with the Pitot-tube readout. This check may
be a simple test to show that the application of a pressure differential causes an appropriate output of
the gauge.

If an acoustic flow meter is used as the installed equipment, at least quarterly performance checks
should be made by comparing the average velocity determined with the acoustic flow meter to
the velocity at a reference point determined with a Prandtl-type Pitot tube. Based on the reference-
method measurements (see Annex A) taken during calibration of the acoustic flow meter, a ratio can be
established between the average velocity and the velocity at the selected reference point. The velocity
measured with the acoustic flow meter should agree within 10 % of the single-point Pitot-tube
measurement when the latter is corrected with the velocity ratio.
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J.4 Calibration

J]. 4.1 General

Measurement and test equipment should be calibrated using standards whose calibration is traceable
to the governing national institute of standards and measurements or derived from accepted values
of natural physical constants. The principal calibration activities on a sampling system involve the
verification of sample flow rate, sampling time and effluent flow rate. The suggested calibration
frequency is annually for systems operated under normal or controlled environmental conditions. For
systems used under extreme conditions, the calibrations should be conducted more frequently, e.g.

every six months.

The methods
The results d
records shoy
numbers of t

J.4.2 Calibration of sampling system flow meters

The goal of t
total volume
analysis. All

first principl
of standards

The internal
indication of

Mass flow miters should be calibrated at conditions corresponding to 40 %, 70 %, 100 %, 130 ¢

170 % of thd
technical jug
calibration d
through the
exceed the li
to encompas

It can be ne
to operating
at the throat
calibration s
sampling. Th
average abso

Rotameters
flow rate dui

f all calibrations should be recorded. This includes flow-meter and timer calibration
ld include the names of the individuals involved, times and dates, and the types and
he calibration equipment.

he flow-meter calibration is to help ensure that the uncertainty in the measurement
of air sampled is +10 %. Annex E describes a number of considerations for uncer
flow meters should be calibrated at least annually against«devices that are either bas
es (bubble meters or proof meters) or that are traceable te the governing national ins
and measurements.

sensing region of a flow meter should be inspected before calibration. If there i
surface deposits, the internal components of the'flow meter should be cleaned or rep

nominal flow rate in terms of standardyconditions. Other values may be used. Hoy
tification should be documented to show that the use of the selected points prq
ata of a quality equivalent, or superior, to the recommended points. If the flow
sampling system can, under normal conditions or anticipated or accident condj
mits recommended herein fox flow calibration, additional calibration points should be
5 the possible operating range.

fessary to calibrate critical venturi flow meters only at a single point that corres
conditions with a sufficient pressure differential across the meter such that the ve
of the meter is¢sonic. The temperature at the entrance of the critical flow meter d
hould be withifi ¥5 °C of the average temperature anticipated at that same location d
e absolute préssure pat the entrance of the critical flow meter should be within 2 %
lute pressure anticipated at that location.

ing Sampling, and at 75 % and 125 % of the anticipated sampling flow rate.

used in calibrating all equipment and systems should be clearly described in proce(liures.
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Should~be calibrated at flow-rate conditions that correspond to the average anticipated

J.4.3 Calibration of effluent flow-measurement devices

An effluent flow-measurement system should be calibrated at least annually against the reference
method discussed in Annex A. The goal of the calibration is to measure flow rate relative to the reference

method that

is accurate to within 10 %.

J.4.4 Calibration of timing devices

Timing devices should be calibrated at least annually. The uncertainty should not be greater than 1 min

per month.
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Annex K
(informative)

Carbon-14 sampling and detection

K.1 Carbon-14 chemistry

Carbgn-14 is a radioactive isotope of carbon with behaviour similar to that of the stable-¢avpon isotopes.
The nuclear reactions that produce 14C in reactors with thermal neutrons are 170(n,@) %( (o = 0,24 b),
14N(n|p)14C (0 = 1,82 b) and 13C(n,y)14C (0 = 0,000 9 b).

NOTE 1b=1028 m2

Carbdn-14 is of concern because of its very long half-life (5 730 a), the/mobility of carbon in the
envirpnment and its ubiquitous presence in biological systems. Carbon-14 has been [identified in
airbofne effluents from nuclear power plants in the forms of particutate 14C, gaseous 1#€0, and non-
CO, ghses. The latter can be 1#CO or various organic gases, e.g. 14CH,.

K.2 |Sampling considerations

K.2.1 General

Wher] selecting a suitable sampling medium for.#*C, it is important to consider the pres¢nce of other
contajminants (both radioactive and non-radipactive) in the sampling stream in addition tq the physical
and chemical forms of 14C being collected, For example, if the effluent stream has high humidity, it is
necessary to remove the moisture before ising a molecular sieve to sample the 1#CO, , otherwise the
moistlure will saturate the molecularn(sieve. Likewise, it is necessary to remove HTO from the sample
stream before collecting 14C to avqid interference in the counting of 14C, unless a chemical gtep is added
beforg counting to remove the substances that interfere with the 14C signal.

K.2.2 Particulate 14C

The spme requirements\for sampling other particulate radioactive substance apply to pafticulate 14C.
Thesg include considerdtions of sampling location, nozzle design and line penetration.

K.2.3 Gaseous 14C

The shme fequirements for sampling other gaseous radioactive substance apply to gaseouf 14C.

K.3 Sampling media

K.3.1 Particulate 14C

The filters installed to collect other particulate radioactive substances should also collect particulate
14C. One very important consideration, though, is the filter material. Because it is normally necessary
to combust the sample to separate the 14C from other radionuclides, it is advantageous to use a non-
combustible filter material, e.g. glass fibre. Furthermore, the filters sometimes collect only minute
amounts of particulate carbon, so that it is necessary to add a carbon carrier to carry out the analysis.
Lampblack compressed into a pellet has been found suitable as a carrier when glass-fibre filters are
combusted in a tube furnace. Lampblack is generally made from fossil carbon, so it contains no 14C, but
this should be verified by combusting blank pellets. The radiochemical yield can be determined by the
recovery of the carbon from the lampblack carrier.
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